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ABSTRACT 
SHIHO GOTO: The Effects of an Integrated Exercise Program on Lower Extremity 
Biomechanics in Females with Medial Knee Displacement 
(Under the Direction of Darin Padua) 
Knee injury prevention exercise programs are aimed to correct knee valgus alignment 
during functional activities. Various factors are associated with knee valgus, including 
altered flexibility, muscle strength, and neuromuscular factors. However, the exercise 
programs that were used in previous studies did not consider these factors, which may have 
resulted in inconsistent finding. In addition, although lower extremity bony alignment has 
been associated with faulty movement patterns, little is known whether the bony alignment 
abnormalities influence individual’s response to the exercise program. Lastly, effectiveness 
of exercise program was tested within the tasks that were part of the exercise program; 
therefore, it is unclear if improvement in the trained task transfers to untrained task. The 
purpose of this investigation was to examine the effects of an integrated exercise program on 
lower extremity biomechanics while accounting for bony alignment measures in females 
displaying high risk movement pattern. Thirty-two active females completed the study and 
randomly assigned to either the integrated exercise program group (INT=17, Age=21.0±3.1 
yrs, Ht=161.1±5.0 cm, Mass=63.6±8.4 Kg) or the control group (CON=15, Age=20.8±3.0, 
Ht=162.3 ± 7.8 cm, Mass = 64.9± 18.9 Kg). The participants in the INT group went on a 6-
week exercise training. Lower extremity joint range of motion, muscle strength, and hip, 
knee, and ankle kinetics and moment during the double-leg squat, single-leg squat, jump-
landing, and running were assessed before and post-training. The frontal plane knee 
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kinematics was improved during the single-leg squat, jump-landing, and running tasks 
following the intervention (p<0.05). These improvements were influenced by combined 
effects of bony alignments as greater femoral antetorsion, external tibial rotation while the 
magnitude of change was small. Peak knee valgus moment was also improved during the 
jump-landing task (p<0.05). The results indicate that the exercise program utilized in this 
study is effective in improving frontal plane knee kinematics in females present with knee 
valgus during the jump-landing, single-leg squat, and running tasks while no improvements 
were observed during the double-leg squat. This study also demonstrated motor learning 
transfer as frontal plane knee kinematics during running improved while this task was not a 
part of the exercise program during intervention.  
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CHAPTER ONE 
INTRODUCTION 
 
1.1 Rationale 
Problems of patellofemoral pain 
Knee injury is one of the most common activity-related injuries in adolescent and 
adult populations,
1-4
 accounting for approximately 25% of all activity-related injuries in the 
United States.
1,4
 More specifically, patellofemoral pain (PFP) is a  common overuse knee 
injury among active young adult females
5
 playing various sports
3,6-9
 and military recruits,
10,11
 
accounting for 25% of reported knee injuries in  sports medicine clinics.
3
  
Symptoms associated with PFP include diffuse knee pain, as well as anterior, lateral, 
medial or retropatellar pain that is exacerbated with common weight bearing activities 
involving knee flexion and extension.
3,6,12
 Once symptoms are present in those with PFP the 
individual often remains symptomatic for an extended period of time. 
13,14
 As a result, 36% 
of PFP patients have to change their daily activities to minimize pain.
15
 In addition, 
individuals with PFP are at a higher risk of developing patellofemoral osteoarthritis later in 
life.
16
  Despite the high prevalence of this injury, limited research is available investigating 
the prevention of PFP. The existing studies investigating preventive measures are 
inconsistent as one study demonstrates a significant reduction in the incidence rate of PFP
17
 
while another study demonstrates no positive effect compared to the control group.
18
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Previous studies investigating PFP prevention have focused on isolated strengthening and 
flexibility training. However, a multi-component and integrated program including strength, 
flexibility, stability, movement control, and functional exercise may be needed given the 
multifactorial nature of PFP.  
Risk factors for patellofemoral pain 
Several authors have theorized that PFP occurs due to increased lateral patellofemoral 
contact pressure.
19,20
 This is believed to occur by decreasing contact area, increasing the 
contact force, or some combination of these factors to facilitate greater contact pressures. 
These factors include three-dimensional excessive hip adduction and internal rotation, knee 
valgus, knee external rotation, and medial knee displacement (MKD), or a combination of 
these motions, 
21-24
 which are referred to as faulty movement patterns. Magnetic resonance 
imaging and cadaveric studies suggest that faulty movement patterns have a significant 
influence on patellofemoral joint loading.
21-23,25-28
  These kinematic alterations eventually 
increase knee valgus angle and lateral resultant force between the quadriceps and patellar 
tendon, reduce contact area between the patellar articular cartilage and the femoral condyle, 
resulting in increased contact pressure at the patellofemoral joint.
21-23,29
 These findings 
suggest that addressing frontal and transverse plane movement control at the hip and knee 
may be an important component for PFP prevention.  
The mechanisms influencing patellofemoral contact area and force are multifactorial 
including altered gluteal and thigh musculature strength,
30-34
 lower extremity flexibility,
7,35,36
 
joint kinematics,
21,22,25,28,34,37-41
 muscle activation,
34,37-44
 and bony alignment
14,23,35
 (Appendix 
4). Prospective research has demonstrated that those who developed PFP present with 
increased external knee abduction moment,
45
 peak hip internal rotation angle,
35
 and hip 
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adduction angle during functional activities such as running
46,47
 and jump-landing,
35,45
 
compared to those who did not.
47
 Similarly, these biomechanical alterations have also been 
observed in individuals who already have developed PFP during functional tasks, such as 
walking, stair descent, single leg squat, and running.
26,27,34,37,39,40,48-50
 Multiple studies have 
identified altered joint range of motion (ROM) and muscle strength as potential risk factors 
for PFP with potential direct and indirect influences from proximal, distal and local structures 
of the knee. These factors include reduced strength in the hip abductors,
24,30-32,36,51,52
 hip 
extensors,
24,32
 hip external rotators,
30,32,51
 knee extensors,
51
 and knee flexors,
51
 and restricted 
ROM in dorsiflexion (DFROM),
36
 knee extension,
36
 knee flexion (KFLEXROM),
7,36
 and hip 
adduction (HADROM),
51
 and excessive navicular drop.
35
  
Rehabilitation for patellofemoral pain 
Current rehabilitation exercises for PFP often focus on strengthening the gluteal 
musculature to decrease the amount of hip adduction and internal rotation angle and these 
exercises have effectively reduced pain and increased functionality.
52-60
  However, a lack of 
evidence is available to determine the mechanism by which these exercises may improve 
PFP symptoms. Only two research studies have examined frontal or transverse plane hip and 
knee kinematic following a rehabilitation exercise program focused on gluteal musculature 
strengthening. The results are, however, limited in showing positive effect in kinetics alone 
with a reduction in knee abduction moment during running following the exercise 
program.
52,56
 The combined results suggest that gluteal and knee extensor strengthening may 
be useful to treat PFP, but other factors may also contribute to the kinematic alterations. If 
the aim of PFP prevention or rehabilitation exercises program is to decrease the contact 
pressure at the patellofemoral joint by correcting excessive motions in the frontal and 
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transverse planes, all factors that may potentially increase joint loading should be targeted. 
Current rehabilitation exercise programs seem to focus on the gluteal and thigh musculature 
strengthening and do not focus on possible influence from distal structures or muscle 
tightness. Perhaps, this may lead to the high recurrence rate of PFP following rehabilitation 
exercise. Further research investigating the effect of comprehensive exercise on 
biomechanical changes is warranted.  
Factors associated with knee valgus 
Several research studies have identified associations between frontal plane knee 
kinematics with lower extremity muscle strength and flexibility in healthy individuals. These 
studies examined the role of lower extremity muscle strength in relation with frontal plane 
hip or knee kinematics, however, this relationship appears to be weak. Several studies 
demonstrated that less strength in hip abduction,
61,62
 hip extension,
63
 knee flexion,
62,64
 knee 
extension,
62
 and plantar flexion.
63
 was associated with greater hip adduction or knee 
abduction angles during functional tasks. However, other studies demonstrated contrasting 
results.
63,65,66
 These studies demonstrated greater strength in the hip abductors
65
 and external 
rotators,
63,66
 were associated with greater knee valgus angle during functional tasks.  
Range of motion (ROM) can also influence frontal plane knee kinematics. Individuals 
with knee valgus during functional activities have demonstrated reduced dorsiflexion ROM 
(DFROM).
67-69
  Other ROM, including hip external rotation (HERROM), hip internal rotation 
(HIRROM) and, knee extension (KEXTROM) were not associated with frontal plane knee 
kinematics. 
Investigation of muscle strength and ROM in relation to frontal plane knee and hip 
motions is inconsistent or limited. However, electromyography of the lower extremity 
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muscles showed stronger associations with frontal plane knee kinematics. Research 
demonstrated imbalanced co-activation ratios between the gluteus medius (GMED) and hip 
adductors,
67,70
 and medial thigh muscles and lateral thigh muscles
71
 in individuals with knee 
valgus
70,72
 or greater knee abduction moment.
71
 Specifically, individuals with knee valgus 
activate more hip adductors relative to the GMED and lateral thigh muscles relative to the 
medial muscles.
67,70
 Furthermore, increased activity of the gastrocnemius, tibialis anterior, 
and hip adductors has been observed in individuals with knee valgus compared to individuals 
without.
70
 These findings suggest that increasing the activation of underactive muscles 
(medial hamstrings) and decreasing the activation of overactive muscles (hip adductors and 
gastrocnemius) while maintaining primary activation of the hip abductors and external 
rotators (GMED and GMAX) may help to reduce knee valgus during functional activities. 
Current knee injury prevention programs 
Current knee injury prevention programs seem to be moderately effective in reducing 
the number of knee injuries, such as anterior cruciate ligament injury, medial collateral 
ligament injury, PFP, and other common knee injuries.
17,73-76
 A major focus of these 
prevention programs is to reduce hip adduction, hip internal rotation, knee abduction, and 
knee external rotation motions.
35,45,77
 A number of research studies identified factors 
associated with these movement patterns, including  reduced strength of the hip external 
rotators,
66
 hip abductors,
62,65,78,79
 knee extensors,
62
 knee flexors,
62
 and plantar flexors,
63
 and 
restricted DFROM,
67-69,80
 HERROM,
80
 and KEXTROM.  In addition, it has been theorized that 
bony deformities, such as femoral antetorsion,
81
 excessive forefoot varus,
82
 and excessive 
external tibial torsion might lead to increased knee valgus.
82
  Collectively, this evidence and 
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theory suggest that knee valgus is multifactorial; therefore, exercise programs which aim to 
correct excessive frontal plane knee motions should be integrated. 
Previous research demonstrates that knee injury prevention programs can modify 
lower extremity kinematics following exercise training using a combination of two or three 
of strengthening, stretching, balance, plyometric, and agility exercises,
83-95
 However, this 
body of evidence is inconsistent as other research studies demonstrated no improvement in 
hip and knee movement patterns.
85,96-106
  There are few apparent discrepancies between the 
programs which successfully improved frontal plane kinematics (successful programs) and 
did not improve kinematics (Unsuccessful programs), which included the length of the 
exercise per session, presence of feedback or instruction about correct movement patterns. 
Successful programs lasted for average 60 minutes and majority of programs utilized 
feedback or instruction during intervention
83,86-96
 while unsuccessful programs lasted for 
average 25 minutes per session and only 35% of unsuccessful programs used feedback or 
instructions about appropriate movement.
97,99,101,103,104,106
  Previous research demonstrated 
lack of knowledge about proper movement patterns had great influence on movement 
patterns.
107,108
  Perhaps, these two factors are the key components between the successful and 
unsuccessful programs currently published. Other components, such as duration and 
frequency of the program and number of components in the program did not affect the 
outcomes.   
Limitations of current knee injury prevention programs 
There are several limitations with previous research investigating the effects of knee 
injury prevention programs.  First, a majority of the programs included participants according 
to their sex, age, type of sports participated, level of activity, and previous sports or training 
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experience to identify the high risk group,
83-106
 all of which are unmodifiable factors. These 
knee injury prevention programs were developed to correct biomechanical risk factors of 
knee injuries such as hip and knee motions by integrating different components of exercises. 
If participants did not present with these faulty movement patterns at the beginning, 
participants may not respond well to the program because they may not have much ability to 
improve their movement patterns compared to those who with faulty movement patterns, 
which may lead to show minimal improvement in movement patterns. Additionally, 
including these participants in the group may mask the true effect of exercise program on 
those who present with faulty movement patterns. In fact, Myer et al.
89
 reported amount of 
improvement in knee abduction moment was greater in females with “high-risk” knee 
abduction moment compared to females with “low-risk” knee abduction moment following 
7-week neuromuscular training. Distefano et al.
109
 also showed that those who scored greater 
landing errors during a jump-landing task at the beginning of ACL injury prevention exercise 
program demonstrated greater improvement following exercise program compared to those 
individuals who had less landing errors. Similarly, Barendrecht
84
 reported those who 
displayed excessive knee valgus during a drop-jump test had greater improvement in knee 
separation distance than those who did not following training. Recent research studies 
displayed that female runners with obvious hip adduction during running improved two- or 
three-dimensional hip abduction, internal rotation or contralateral pelvic tilt angles following 
training.
94,110,111
 These results indicate that individuals with faulty movement patterns have 
more benefits from the injury prevention programs. Therefore, participants should be 
included in the prevention exercise study if they present with faulty movement patterns 
which the prevention program attempt to modify. 
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Secondly, all of the study except one study disregarded bony alignment abnormalities 
that may affect lower extremity kinematics, thus increase risk of injury.
112,113
 There is only 
one research that excluded subject with excessive navicular drop because it may affect lower 
extremity kinematics.
95
 Several research studies suggested forefoot varus, external tibial 
torsion, and femoral antetorsion might cause or result in faulty movement patterns.
65,113-115
 
Forefoot varus is largely associated with rearfoot eversion,
116
  which has been theorized to 
increase subtalar joint pronation, tibial internal rotation, and femoral internal rotation, 
eventually increases hip adduction as a result of coupling motion of the tibia and femur.
114
 
Excessive external tibial torsion might increase knee valgus, and femoral antetorsion might 
have downward influence with hip internal rotation and hip adduction.
115
 These theories 
indicate that those who present with excessive bony alignment abnormalities may not have 
much benefit from exercise program.   
Lastly, current research on knee injury prevention program evaluated only one or two 
tasks to assess whether participants could improve their movement pattern following 
training.
56,83-85,88,91-107,110
 Moreover, the task assessed following training is often the same or 
similar to tasks that participants performed during training sessions, such as landing from a 
jump and single-leg squat tasks training,
56,83-85,88,91-107,110
 which leaves us to question if the 
proper movement pattern is observed in only assessed tasks or it is transferred over other 
tasks that are not similar to the exercises included in the training program.  Participant’s 
ability to adopt their improvement in one task to other tasks is an important component in the 
rehabilitation and prevention exercise program to assess if the changes in particular task are 
permanent or not. Understanding whether one can perform correct movement patterns and if 
the improvement can transfer over to other tasks may help clinicians to determine if 
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individuals are ready to terminate the exercise program and return to activity in which they 
are engaged.  
Summary and problems in current studies 
In summary, PFP is a multifactorial injury and biomechanical alterations in hip and 
knee frontal and transverse planes are associated with development of PFP. Various factors, 
such as muscle strength and joint ROM are associated with these biomechanical alterations, 
and these factors seemed to be interrelated to each other. Nonetheless, current rehabilitation 
for PFP appears to focus on gluteal and knee extensor muscle strengthening and other factors 
that could influence patellofemoral contact pressure have been disregarded, which may lead 
to failure to improve hip and knee biomechanics. Effectiveness of current knee injury 
prevention programs on hip and knee kinematics is not clear as participants in prevention 
programs did not necessarily demonstrate faulty movement patterns at the beginning of the 
program although prevention programs attempt to correct faulty movement pattern. 
Furthermore, improvement of movement pattern in one task can be translated to another task 
is not clear as the majority of research studies evaluated the same tasks that subjects 
performed during training. 
Purpose statement 
The purpose of this study is to investigate if an integrated exercise training program 
which is focused on strengthening the gluteal, thigh, and leg muscles and stretching thigh and 
leg muscles, and functional movement re-education would improve lower extremity 
biomechanics in individuals who present with MKD which are known as high risk movement 
during functional tasks while controlling for those bony alignment measures associated with 
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knee valgus biomechanics. A secondary purpose is to investigate if the improvement on 
simple task transfers over to more demanding tasks. 
 
1.2. Research questions and Hypotheses 
Research Question 1:  
What are the differences in lower extremity strength and range of motion between 
participants with medial knee displacement following a 6-week integrated (INT) or control 
(CON) training program? 
Hypothesis 1: 
The INT training group will demonstrate improved lower extremity strength and range of 
motion compared to the CON training group following the 6-week intervention period. 
 Lower Extremity Strength: 
1. Hip abduction strength: INT > CON 
2. Hip extension strength: INT > CON 
3. Hip external rotation strength: INT > CON 
 
Lower Extremity Range of Motion: 
1. Ankle Dorsiflexion with Knee Extended: INT > CON 
2. Ankle Dorsiflexion with Knee Flexed: INT > CON 
3. Weight Bearing Ankle Dorsiflexion: INT > CON 
4. Straight Leg Raise: INT > CON 
5. Hip Adduction: INT > CON 
6. Hip Abduction: INT > CON 
7. Hip internal rotation INT > CON 
8. Hip external rotation INT > CON 
 
Research Question 2:  
What are the differences in lower extremity biomechanics during the overhead squat between 
participants with medial knee displacement following a 6-week integrated (INT) or control 
(CON) training program? 
Hypothesis 2:  
The INT training group will demonstrate improved lower extremity biomechanics during the 
overhead squat compared to the CON training group following the 6-week intervention 
period. 
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Lower extremity biomechanics: 
1. Start, peak, and displacement of hip flexion: INT > CON 
2. Start, peak, and displacement of hip adduction: INT < CON 
3. Peak, and displacement of hip abduction: INT > CON 
4. Start, peak, and displacement of hip internal rotation: INT < CON  
5. Peak, and displacement of hip external rotation: INT < CON 
6. Start, peak, and displacement of knee flexion INT > CON 
7. Peak and displacement of knee varus: INT > CON 
8. Start, peak, and displacement of knee valgus: INT < CON  
9. Start, peak, and displacement of knee internal rotation: INT > CON   
10. Peak, and displacement of knee external rotation: INT > CON 
11. Start, peak, and displacement of ankle dorsiflexion: INT > CON 
12. Start, peak, and displacement of frontal plane projection angle: INT > CON 
13. Peak knee valgus moment: INT < CON 
 
Research Question 3:  
What are the differences in lower extremity biomechanics during the single-leg squat 
between participants with medial knee displacement following a 6-week INT or CON 
training program? 
Hypothesis 3:  
The INT training group will demonstrate improved lower extremity biomechanics during the 
single-leg squat compared to the CON training group following the 6-week intervention 
period. 
Lower extremity biomechanics: 
1. Start, peak, and displacement of hip flexion: INT > CON 
2. Start, peak, and displacement of hip adduction: INT < CON 
3. Peak, and displacement of hip abduction: INT > CON 
4. Start, peak, and displacement of hip internal rotation: INT < CON  
5. Peak, and displacement of hip external rotation: INT < CON 
6. Start, peak, and displacement of knee flexion INT > CON 
7. Peak and displacement of knee varus: INT > CON 
8. Start, peak, and displacement of knee valgus: INT < CON  
9. Start, peak, and displacement of knee internal rotation: INT > CON   
10. Peak, and displacement of knee external rotation: INT > CON 
11. Start, peak, and displacement of ankle dorsiflexion: INT > CON 
12. Start, peak, and displacement of frontal plane projection angle: INT > CON 
13. Peak knee valgus moment: INT < CON 
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Research Question 4:  
What are the differences in lower extremity biomechanics during the jump-landing task 
between participants with medial knee displacement following a 6-week INT or CON 
training program? 
Hypothesis 4:  
The INT training group will demonstrate improved lower extremity biomechanics during the 
jump-landing task compared to the CON training group following the 6-week intervention 
period. 
Lower extremity biomechanics: 
1. Start, peak, and displacement of hip flexion: INT > CON 
2. Start, peak, and displacement of hip adduction: INT < CON 
3. Peak, and displacement of hip abduction: INT > CON 
4. Start, peak, and displacement of hip internal rotation: INT < CON  
5. Peak, and displacement of hip external rotation: INT < CON 
6. Start, peak, and displacement of knee flexion INT > CON 
7. Peak and displacement of knee varus: INT > CON 
8. Start, peak, and displacement of knee valgus: INT < CON  
9. Start, peak, and displacement of knee internal rotation: INT > CON   
10. Peak, and displacement of knee external rotation: INT > CON 
11. Start, peak, and displacement of ankle dorsiflexion: INT > CON 
12. Start, peak, and displacement of frontal plane projection angle: INT > CON 
13. Peak knee valgus moment: INT < CON 
 
Research Question 5:  
What are the differences in lower extremity biomechanics during running task between 
participants with medial knee displacement following a 6-week INT or CON training 
program? 
Hypothesis 5:  
The INT training group will demonstrate improved lower extremity biomechanics during 
running compared to the CON training group following the 6-week intervention period. 
 
Lower extremity biomechanics: 
1. Start, peak, and displacement of hip flexion: INT > CON 
2. Start, peak, and displacement of hip adduction: INT < CON 
3. Peak, and displacement of hip abduction: INT > CON 
4. Start, peak, and displacement of hip internal rotation: INT < CON  
5. Peak, and displacement of hip external rotation: INT < CON 
6. Start, peak, and displacement of knee flexion INT > CON 
7. Peak and displacement of knee varus: INT > CON 
8. Start, peak, and displacement of knee valgus: INT < CON  
9. Start, peak, and displacement of knee internal rotation: INT > CON   
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10. Peak, and displacement of knee external rotation: INT > CON 
11. Start, peak, and displacement of ankle dorsiflexion: INT > CON 
12. Start, peak, and displacement of frontal plane projection angle: INT > CON 
13. Peak knee valgus moment: INT < CON 
 
1.3. Operational definitions 
Excessive forefoot varus: Resting frontal plane forefoot angle relative to rearfoot, which 
exceeds 13 degrees. 
Excessive femoral antetorsion: Femoral neck angular orientation measured by Craig’s test, 
which exceeds 21 degrees.  
Excessive external tibial torsion: Resting transverse plane tibial torsion angle relative to the 
transcondylar of the femur, which exceeds 42 degrees. 
Medial knee displacement (MKD): The position of the center of the knee, which is 
medially displaced relative to the vertical line from the great toe during functional tasks 
(Figure 2). 
Integrated exercise (INT): Set of exercises developed by National Academy of Sports 
Medicine that is aimed to correct faulty movement patterns. The exercise program is 
comprised of self-myofascial release, static stretching, muscle strengthening, and functional 
exercises.   
Double-leg squat (DLS): A double-leg squat task is performed by placing the feet shoulder 
width apart and raising arms over head while descending into knee flexion as far as possible 
with heels maintaining contact with floor. 
Single-leg squat (SLS): A single-leg squat task is performed by standing on a test limb, 
placing hands on the hip, and descending into approximately 75 degrees of knee flexion.  
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Jump-landing (JL): A jump-landing task is performed by the participant, jumping off a 
30cm high box set 50% of participant’s height from the force plate, landing on the force 
plates with each leg contacting each force plate, followed by an immediate vertical jump as 
high as possible. 
Running: A running task is performed by the participant running 10-m runway with a self-
selected and 10% faster velocity of their preferred velocity ±10%. 
Test limb: If the participant presents with bilateral MKD, the dominant leg which is defined 
as the leg used to kick a ball for maximum distance will be the test-limb. If the participant 
presents with unilateral MKD, that limb will be the test-limb.  
 
1.4. Assumptions and limitations 
The following assumptions and limitations will be made for this study. 
1. All participants will make the best effort performing all of the testing protocols and 
exercises protocols during intervention period. 
2. All participants will be honest regarding their past and current injury status. 
3. All participants will be honest regarding their level of activity. 
4. All participants will not perform progressive weight lifting or begin new activities 
during the intervention period. 
5. All participants with MKD during an DLS will present with MKD across the other 
tasks at baseline. 
6. Twenty percent of participants will withdraw from this investigation during the 
intervention period. 
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1.5. Limitations 
The following limitations will be made for this study. 
1. The rate of progression in acquiring new motor skill will not be same across the 
participants. 
2. Past sports experience will be different across the participants. 
3. The magnitude of MKD will be different across the participants.  
4. The results of this study may not apply to individuals with pathology. 
 
1.6. Delimitations 
The following delimitations will be made for this study. 
1. All participants will be between the ages of 18 and 28 years. 
2. All participants will be students at the University of North Carolina at Chapel Hill. 
3. All participants will present with MKD during the DLS task. 
4. All participants will have no injury at the time of participation of the study and 6 
months prior to participation. 
5. All participants will be active (engaged in activity 30 minutes a day, 3 times a week), 
but will not be currently participating in a progressive strengthening program. 
6. All participants will maintain the level of activity at time of screening throughout the 
intervention period. 
7. All participants will complete at least 80% of training sessions. 
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1.7. Independent Variables 
1. Group 
 Integrated exercise (INT) 
 Control (CON) 
 
1.8. Dependent Variables 
Change scores (Post-training value – Baseline value) of following variables: 
 Muscle strength (N/kg) 
o Hip abduction isometric contraction strength  
o Hip extension isometric contraction strength  
o Hip external rotation isometric contraction strength  
 Joint range of motion (Degrees) 
o Ankle dorsiflexion with knee extended 
o Ankle dorsiflexion with knee flexed 
o Ankle dorsiflexion with weight bearing  
o Straight leg raise 
o Hip adduction  
o Hip abduction  
o Hip internal rotation 
o Hip external rotation 
o Hip extension with knee flexed 
o Hip extension with knee extended 
 Kinematics (Degrees, Start or initial contact, peak, and displacement) 
o Hip flexion 
o Hip adduction  
o Hip abduction 
o Hip internal rotation  
o Hip external rotation 
o Knee adduction 
o Knee abduction  
o Knee internal rotation 
o Knee external rotation  
o Ankle dorsiflexion  
o Frontal plane projection angle  
 
 Kinetics 
o Internal knee varus moment (Peak) 
o Internal knee valgus moment (Peak) 
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1.9. Significance of the study 
This research will improve our understanding of the effect of an integrated exercise 
program on lower extremity movement patterns during various functional tasks in individuals 
with MKD which is known as risk factor for PFP. This study is unique due to the exclusion 
of individuals with bony deformities, which could affect lower extremity movement patterns. 
Our exercise program target muscle performance, therefore we believe these individuals may 
not respond well to the exercise program because other treatment, such as orthotics, may 
have more benefit for these individuals. In addition, selecting participants based on the 
presence of MKD will provide us with clearer effect of the exercise program on improving 
movement patterns in those who present with a potential risk facors for injury as compared to 
current injury prevention exercise programs in which participants are not selected based on 
the presence of MKD.  
Current knee injury prevention programs are moderately effective in improving faulty 
movement patterns, however, the improvements have been evaluated during one or two tasks 
which. Understanding if the improvement in a simple task, such as double-leg squat, will be 
translated into more demanding tasks, such as jump-landing task, will provide insight on the 
need for evaluating lower extremity movement patterns across multiple tasks to determine 
release from an exercise program.  
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CHAPTER TWO 
REVIEW OF THE LITERATURE 
 
2.1 Public Health Impact of Knee Injuries 
2.1.1 Epidemiology of Knee Injuries 
Physical activity has been recommended to reduce the rates of diseases such as heart 
attack, stroke, hypertension, and diabetes, however, physically active populations are highly 
susceptible to musculoskeletal injuries.
1
 Researchers have reported that approximately 25% 
of adult ages between the ages 25 and 80 years experienced injury,
1
 of which 83% are 
activity-related.
1
 Among all activity related injuries, knee injury is the most common injury 
in those between 25 and 80 years of age,
1-4
 and the second most common injury in the high 
school athletic populations. Knee injuries are commonly reported to sports medicine clinics 
and account for approximately 25% of all activity-related injuries.
1,4
 Furthermore, 59.2% of 
female injuries occur at the knee joint.
3
 Common knee injuries include acute injuries to the 
anterior cruciate ligament, medial collateral ligament, and meniscus tear, as well as overuse 
injuries such as patellotendinitis, iliotibial band syndrome, and patellofemoral pain (PFP).
3
 
2.1.2. Problems of Patellofemoral Pain 
PFP is one of the most common overuse knee injuries among females,
5
 active 
adolescents and young adult populations and is observed in various sports such as volleyball, 
basketball, soccer, and running,
3,6-9
 and military recruits.
10,11
 PFP accounts for 25% of the 
reported knee injuries in sports medicine clinic.
3
 Symptoms associated with PFP include 
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diffuse knee pain, as well as anterior, lateral or retropatellar pain that is exacerbated with 
daily and sports activities involving knee flexion and extension, such as walking, jogging, 
hopping, stair ascent and descent, squatting, kneeling, and sitting for an extended period of 
time.
3,6,12
 Research reports that females are at higher risk of PFP compared to males.
3,5,8
  
Taunton et al.
8
 reported 62% of the patients diagnosed with patellofemoral pain were females. 
In agreement with these findings, Boling et al.
5
 demonstrated that females are 2.23 times 
more likely to develop PFP compared to males. The average onset of symptoms has been 
reported as 25 years,
3
 however, symptoms start emerging as early as 10 years old.
8,55
  
Patellofemoral pain often results in long term problems. Once symptoms present, individuals 
with PFP often remain symptomatic for an extended period of time.
13,14
 This is supported by 
the fact that 73 to 91% of PFP patients remained symptomatic after 4-18 years following 
initial treatment.
15,54,117
 In addition, 36% of PFP patients could not return to the level of 
physical activity that they were engaged in before injury,
15
 and 60% of patients had 
restrictions with their daily life, as well as their work due to pain.
15
 Furthermore, PFP 
patients are at a higher risk of developing patellofemoral osteoarthritis later in their life.
16
 
With this high prevalence and problems of PFP, there is a need for effective prevention and 
rehabilitation exercise program for PFP.  
 
2.2. Etiology of Patellofemoral Pain 
2.2.1. Patellofemoral Joint Contact Pressure 
Etiology of PFP is described as increased lateral contact pressure at the 
patellofemoral joint. Once pressure builds up in the patellofemoral joint, it increases the 
pressure to the subchondral bone, stimulating pain receptors,
118
 subsequently causing the 
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conscious perception of pain.
119
  Contact pressure is defined as the magnitude of contact 
force over the contact area squared. Therefore, either increasing contact force or decreasing 
contact area, can ultimately increase patellofemoral contact pressure. Factors associated with 
increased contact pressure are varied with multiple factors interrelated to each other. Figure 1 
shows the interrelationship between multiple factors that may influence an increased contact 
pressure.   
2.2.2. Increased Contact Forces 
Contact force at the patellofemoral joint can be influenced by sagittal plane and 
frontal plane factors.
28,120-124
 In the sagittal plane, knee flexion angle largely influence contact 
force.
125,126
 Two-dimensional models have identified knee extensor moment, patellar moment 
arm, quadriceps muscle force, patellar tendon force, knee flexion angle along with the 
location of the knee relative to the ground reaction force vector as factors that modify 
patellofemoral contact forces.
123
 Contact forces are also influenced by frontal plane 
alignment. Biomechanically, increased quadriceps angle (Q-angle) or knee valgus angle 
increases the lateral resultant force between the quadriceps and patella tendon, thus 
increasing the lateral resultant force on the patella and the lateral contact force between the 
patella and femur.
21,112,127
 A cadaveric study by Huberti and Hayes
21
 examining the contact 
area and contact forces in those with different Q-angle supported this theory. This research 
demonstrated a 45% increase in the contact force when the Q-angle was increased by 10% 
while the knee was flexed at 20 degrees.
21
 Elias et al.
128
 examined the contact force 
distribution in four cadaveric knees during 50 to 70 degree of knee flexion combined with 
10% changes in the decreased Q-angle. They reported that the lateral resultant force on the 
patella increased 3-5% with a 5% increase in Q-angle compared to the neutral position.
128
 In 
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addition, angular acceleration of the lower limb segment and propulsive mechanics are also 
associated with contact forces.
123
   
2.2.3. Decreased Contact Area 
Anatomical factors 
 Several researchers have examined the effect of anatomical factors on contact area of 
the articular cartilage of the patella with inconsistent findings. Anatomical factors include 
size and location of the patella.
119,129,130
 Salsich et al.
130
 examined the relationship between 
the width of the patella, kinematics of the patella, tibiofemoral rotation angle, with contact 
area in patients with PFP. They reported the trend that the width of the patella positively 
correlated with the contact area in people with PFP (r=0.43, p=0.062).  
Patella alta is a condition where the patella sits superiorly on the femur, and has been 
suggested as another anatomical factor that may influence patellar kinematics and contact 
area, thus contact pressure. Ward et al.
129
 examined twenty-five participants with and without 
patella alta, using a magnetic resonance imaging. Participants with patellar alta demonstrated 
significantly increased lateral patellar displacement and lateral tilt at 0° knee flexion and 
significantly decreased contact area across all knee flexion angles. Increased contact pressure 
across angles accompanied such changes in patella contact area. Another study by Ward et 
al.
131
 investigated gait mechanics in people with patella alta and reported a significant 
decrease in contact area and an increase in contact pressure with no other differences 
between those with and without patella alta, suggesting abnormal patella position have 
potential to lead to PFP. Anatomical factors appear to influence patellofemoral contact area; 
however, these factors are not modifiable through exercise. Research focusing on modifiable 
factors is needed to better understand methods to prevent PFP. 
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Patellar kinematics 
 Abnormal patella kinematics are suggested to influence contact area. Increased lateral 
tilt, lateral displacement, and lateral rotation of the patella are suggested to decrease contact 
area; however, research support is inconsistent. There are several MRI studies examining 
patellar kinematics during knee flexion or extension in weight bearing and non-weight 
bearing conditions. These studies report altered patellar kinematics in those with PFP 
compared to healthy, non-injured individuals.
24,130
  Souza et al.
24
 examined patella and femur 
kinematics in 30 females with and without PFP during single-leg weight bearing, using 
magnetic resonance imaging. In their study, females with PFP exhibited significantly 
increased lateral patella tilt and lateral displacement during 0 to 45 degree of knee flexion 
compared to females without PFP; however the two groups demonstrated similar patella 
rotation angle.
24
  Although Souza et al.
24
 demonstrated altered patellar kinematics in females 
with PFP, its association with contact area or contact force was not clear as Salsich et al.
132
 
demonstrated that patella kinematics (lateral patellar tilt angle and lateral displacement) has 
minimal contribution to the contact area. 
Tibiofemoral kinematics 
 The influence of abnormal patella morphology and kinematics on contact area 
become more pronounced when combined with movement of the tibia and femur. These 
movements include femoral adduction and internal rotation, as well as tibial abduction and 
external rotation.  
Huberti and Hayes
21
 demonstrated that contact area of the patellofemoral joint 
decreased and shifted to the lateral side of the articular cartilage as quadriceps-angle (Q-
angle) increased in the cadaveric models. Several research studies using magnetic resonance 
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imaging or cadavers demonstrated a reduction in contact area with increased femoral internal 
rotation,
25,130,133,134
 consequently increased contact pressure.
25,133,134
 Noehren et al.
135
 
examined patellar and lower extremity kinematics during a forced knee valgus squat and 
normal squat in non-injured individuals, using magnetic resonance imaging and three-
dimensional motion analysis. They found that greater knee external rotation and knee 
abduction angle during forced knee valgus squat and these movements were associated with 
greater lateral patellar displacement and lateral patellar shift, respectively.
135
 Salsich et al
132
 
conducted a correlational study and demonstrated that tibiofemoral rotation angle was the 
only variable that was correlated to the contact area in females with PFP during full knee 
extension contraction with non-weight bearing position while they found no correlations 
between the contact area and anatomical or kinematic variables of the patella.  In the same 
study by Salsich,
132
 tibiofemoral rotation (femoral internal rotation) and patella width were 
the predictive for the contact area among these two variables and patella kinematics (R
2
=0.46, 
p=0.006) while patella width explained only 17% of the variance in contact area (R
2
=0.17, 
p=0.062). Souza et al.
24
 examined femur and patella motions using magnetic resonance 
imaging and found that those with PFP demonstrated increased femoral internal rotation and 
lateral patellar shift and tilt. The author suggested that this altered patellar kinematics may be 
attributed to increased femoral internal rotation because patella’s tilt angle and displacement 
were measured in reference to the femur.
24
 
Altered tibial motion also has a great influence on contact pressure in small knee 
flexion angles.
25
 Lee et al.
25
 examined contact area and pressure during excessive internal 
and external knee rotation in different knee flexion angles within cadaveric knees. It appears 
that the contact area significantly decreased from 10% to 30% at 10° and 15° of knee 
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external rotation across the knee flexion angles of 0°, 30°, and 60° when compared to the 
neutral knee position. As a result, the contact pressure increased from 30% to 60% at 0° and 
30° of knee flexion. Beyond 60° of knee flexion, the changes in contact pressure with knee 
external rotation and internal rotation were similar as there was a 10% increase between 60° 
and 90° of knee flexion.  
Compared to the neutral knee position, changes in contact area with knee internal 
rotation were minimal during 0° and 30° knee flexion while there was a 20% reduction in 
contact area with knee external rotation during 60° to 90° of knee flexion.
134
  Lee et al.
25
 
suggested that knee external rotation moves the tibial tuberosity laterally, thus leading to 
lateral rotation of the patella via lateral shift of the pole of the patella. Lateral rotation of the 
patella decreases the contact area, thus increases contact pressure. On the other hand, internal 
rotation of the tibia rotates the patella medially, but this movement does not seem to 
influence contact area or contact pressure.
134
 
2.2.3. Summary of Etiology of PFP 
 Multiple factors are interrelated to each other and eventually increase patellofemoral 
contact pressure. It appears that anatomical factors and patellar kinematics could influence 
contact pressure, but the magnitude of contact pressure become magnified when frontal and 
transverse plane tibiofemoral motions combined with these anatomical factors. Therefore, 
controlling femoral and tibial motions in frontal and transverse planes may be an important 
component for prevention and rehabilitation for PFP.  
2.3 Prospective Risk Factors for PFP 
 Although a number of research studies have investigated prospective risk factors for 
PFP are limited, risk factors for PFP appeared to be multifactorial. Risk factors can be 
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categorized into modifiable (biomechanical and muscle functions factors) and unmodifiable 
(anatomical) factors.  In this chapter, biomechanical factors will be discussed because these 
are our focus and are believed to be modifiable through exercise intervention. 
2.3.1. Biomechanical factors 
 Regardless of the high prevalence of PFP, a number of research studies investigating 
bioimechanical risk factors for PFP are limited as only two studies identified biomechanical 
risk factors in active adult populations.
35,47
 Specific to kinematics, Boling et al.
35
 examined 
knee and hip kinematics in 1597 males and females midshipmen from the United States 
Naval Academy and followed them for up to 4 years. They reported a trend of decreased 
peak knee internal rotation (PFP 12.2° vs Control 14.7°, p=0.07) and peak knee flexion angle 
(PFP 76.5° vs Control 80.8°, p<0.06) during a jump-landing task in 40 midshipmen who 
developed PFP compared to those who did not while no other kinematic difference was 
observed.  Noehren et al.
47
 conducted a two-year prospective study and examined hip 
adduction, hip internal rotation, and rearfoot eversion in 400 female runners during stance 
phase of running at a speed of 3.7m/s. Those who developed PFP in the following two years 
demonstrated greater hip adduction angle during the stance phase of running compared to 
who did not develop PFP (PFP 12.1° vs Control 8.1°, p=0.007). Female runners who 
developed PFP demonstrated greater hip internal rotation and foot eversion compared to who 
did not develop PFP; however the differences were not significant. Increased hip adduction 
angle can eventually increase lateral contact force at the patellofemroal joint. This finding is 
supported by the cadaveric study of Huberti and Hayes
21
 who found an increased Q-angle 
decreased the contact area at the patellofermoal joint, leading to an increase in the lateral 
resultant force on the patella and producing lateral patellar shift, which may increase contact 
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pressure at the patellofemoral joint.
21
 However, why those who developed presented with 
decreased knee internal rotation and knee flexion angles were not clear as these movements 
are believed to decrease contact force, thereby decrease contact pressure.  
 Two research studies identified kinetic risk factors for PFP.
35,45
 Boling et al. reported 
less vertical ground reaction force, internal knee extension moment and hip external rotation 
moment during the stance phase of a jump-landing task. Myer et al.,
45
 examined 144 female 
adolescents and reported that those who developed PFP presented with greater external knee 
abduction moment during a drop-landing while Boling et al. did not show any significant 
difference in the frontal plane moment between the groups. A contrasting finding between 
these studies may be due to sample population difference (males/females and 
adults/adolescents). Myer et al.
45
 examined adolescent females while Boling et al.
35
 
examined adult males and females. Since males and females have different biomechanics, 
adding male subjects may confound the result. While increased external knee abduction 
moment could lead to increased lateral resultant force at the patellofemoral joint, 
contributions of the other kinetic factors to PFP is not clear as decreased ground reaction 
force and knee extension moment could help to reduce contact force.   
2.3.2. Muscle strength 
 Recent systematic reviews
136,137
 have described decreased isometric or isokinetic 
knee extension strength as a risk factor for PFP.  In addition to the isometric knee extension 
strength, decreased knee flexion
35
 and hip abduction,
35
 and increased hip external rotation 
strength have been shown to increase likelihood of developing PFP.
7,35
 Previous research has 
shown that hip abduction and knee extension weakness is present in patients with PFP and 
these strength deficits are hypothesized to increase contact pressure at the patellofemoral 
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joint by contributing to altered patellofemoral kinematics.
30-32,34,36,138
 Decreased knee 
extension strength has also been suggested to be a factor to mal-alignment of the patella 
within the femoral trochlea.
138
 Deficits in knee extensor strength may be linked to 
imbalanced activation between the vastus medialis (VM) and vastus lateralis (VL),
55
 with 
delayed onset or less activation of VM relative to VL, which may facilitate lateral patellar tilt, 
resulting in increased contact pressure.
139,140
 Previous research consistently observed less hip 
abduction strength in patients with PFP compared to healthy individuals and suggested that 
weak hip abductors could disrupt the frontal plane hip kinematics by increasing hip 
adduction angle.
30-32,36
  Greater hip external rotation strength compared to the healthy 
individuals contrasts the hypothesis that hip external rotation weakness is a risk factor for 
PFP by allowing for increased hip internal rotation motion.
30,34
 Boling et al.
55
 explained this 
finding by theorizing that those who go on to develop PFP might need to activate their hip 
external rotator muscles to a greater activation levels to resist hip internal rotation, which 
overtime promote greater hip external rotation strength. The specific contribution of the knee 
flexors weakness is not clear and it may be a sign of general muscle weakness in patients 
with PFP.
35
 
2.3.3. Muscle flexibility    
 Witvrouw et al.
7
 assessed quadriceps, gastrocnemius, and hamstring flexibility in 282 
young adult populations.  Decreased quadriceps and gastrocnemius flexibility has been 
identified was associated with development of PFP while hamstring flexibility was not 
identified as the one.
7
 Several research studies hves demonstrated that individuals who 
demonstrated increased medial knee displacement (dynamic knee valgus collapse) during a 
functional task also demonstrated decreased DFROM.
67-69,80
 Restricted DFROM is associated 
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with excessive foot pronation.
141
 This alignment increases subtalor eversion.
112
 As a result 
the tibia increases internal rotation as a coupling motion with the talus, which eventually 
increases knee valgus.
112
   This suggests that decreased flexibility of the gastrocenemius 
could increase Q-angle, consequently increase lateral resultant force, which may lead to 
increased contact pressure at the lateral patellofemoral joint, thus leading to pain. The 
relationship between decreased quadriceps flexibility and development of PFP is not clear as 
there is no research investigating underlying relationship with lower extremity biomechanics. 
2.3.4. Other factors 
 Other factors may also increase likelihood of PFP development, such as static bony 
alignment and extrinsic factors.
142
 Boling et al.
35
 reported that those who developed PFP 
originally displayed greater navicular drop compared to those who did not develop PFP. 
Navicular drop is a result from excessive subtalar pronation, which is linked to increased 
tibial (knee) internal rotation as a coupling motion. This motion, in turn, increases femoral 
(hip) internal rotaion. This motion has been associated with decreased contact are at the 
patellofemoral joint, thereby increases contact pressure. Therefore, excessive navicular drop 
could be linked to PFP development.  Excessive navicular drop may contribute to PFP 
development by facilitating  an internal tibial rotation that may be coupled with femoral 
internal rotation to increase congruency with the internally rotated tibia.
82
 This may 
ultimately reduce patellofemoral contact area and increase contact pressure on the patella. 
Additionally, less activity time per week,
142
 greater medial tibial intercondyler distance,
142
 
greater mobility of the patella in medial-lateral and superior-inferior direction,
7
 and slow 
reflex time of the vastus medialis muscle
7
 were also reported as risk factor for PFP. We 
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acknowledge these factors could lead to the development of PFP; however, our focus in this 
study is modifiable factors which could be corrected via exercise intervention.   
2.3.5. Summary of Prospective Risk Factors for PFP 
The number of study investigating biomechanical risk factors limited and there are 
discrepancies between the tasks (jump-landing and running) and populations (adults and 
adolescents) tested, it is difficult to draw a conclusion from current studies. However, it is 
plausible to hypothesize hip and knee frontal and transverse plane kinematics might be the 
key factors for development of PFP. 
 
2.4 Consequence of Patellofemoral Pain 
 Once individuals developed PFP, they frequently demonstrate alterations in their 
movement patterns and muscle characteristics. The majority of currently published research 
has investigated kinematics and muscle characteristics in females with PFP while only a few 
studies have included mixed gender cohorts.
26,27
 Since little is known in terms of prospective 
risk factors for PFP, identifying kinematic factors as well as factors that can be measured 
clinically in those with PFP may help to establish prevention and rehabilitation guidelines for 
PFP. In this section, biomechanical alterations in sagittal, frontal, transverse plane of hip, 
knee, and ankle joints, and muscle characteristics including muscle strength and flexibility 
will be discussed.  
2.4.1. Sagittal plane biomechanical alteration 
 Biomechanically, joint resultant force is influenced by joint angle and the magnitude 
of adjacent forces. Large knee flexion angles can increase patellofemoral contact pressure by 
increasing the resultant force between the quadriceps and patellar tendon. Previous research 
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demonstrated that hip and ankle sagittal plane kinematics were similar during functional 
tasks such as stair ascent and descent in PFP compared to the healthy individuals .
143
 
However, this was not true for sagittal plane knee joint kinematics.
144
 It appears that PFP 
patients demonstrate less knee flexion angle when performing stair stepping,
39,144,145
 
walking,
146,147
 and running.
28
 This appers to be combined with decreased knee extensor 
moment during stair ascent and descent
144
 and walking in PFP patients compared to healthy 
individuals.
50
 This result suggests that PFP patients may attempt to minimize patellofemoral 
contact forces by reducing knee flexion angles and knee extension moments. Thus, frontal 
and transverse plane biomechanics may play an important role in explaining altered contact 
pressure in those with PFP. Interestingly, Wirtz et al.
28
 reported that PFP patients had greater 
joint reaction forces and increased hip internal rotation angle without concomitant 
differences in those with PFP. This suggests that individuals with PFP may develop 
compensatory movement patterns outside of the sagittal plane that may need to be corrected 
for successful rehabilitation of PFP to occur.  
2.4.2. Frontal and transverse plane kinematic alterations 
Excessive hip adduction has been identified as a risk factor to PFP development in 
recent research.
47
 Hip adduction is a component of  knee valgus alignment, therefore, 
excessive hip adduction increases knee valgus, which increases lateral resultant force 
between the quadriceps and patellar tendon. This is further supported by in-vivo research 
displaying decreased contact area and increased contact pressure with increased frontal plane 
hip and knee angles.
21
 Increased hip adduction has been shown to increase patellar lateral 
displacement and lateral tilt, which decreases contact area,
21,135
 and increases lateral 
patrllofemoral contact pressure.  Therefore, it is believed that PFP patients would 
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demonstrate excessive hip and knee frontal plane kinematics during functional activities. 
However, individuals with PFP have not necessarily shown this movement pattern during 
functional tasks.  
Specific to hip adduction angle, PFP patients demonstrated increased hip adduction 
angle compared to the healthy individuals during walking,
148
 running,
149
 and single-leg 
squatting.
27
 In a study by Willson et al.,
40
 females with PFP performed single-leg squatting, 
running, and single-leg jump tasks with greater hip adduction angle compared to the healthy 
control group. Contrary to these findings, other research observes no significant difference in 
hip adduction angle during similar tasks.
26,27,37,39,40,143,147,148,150
  
Individuals with PFP also demonstrated alterations in frontal plane knee joint angles. 
Increased knee abduction/valgus angle was observed in individuals with PFP during 
walking
50,148
 running,
37
 and single-leg squat
27
 in comparison to a healthy control group. 
However, these findings are not consistent across all research as other studies demonstrated 
no difference in knee abduction angles compared to the control group during similar tasks 
that showed increased knee abduction angle in the other studies.
27,147,148,151
 Interestingly, 
Bolgla at al.
150
 reported that females with PFP tended to be positioned in greater knee 
adduction/varus during stair descent compared to the control group although the difference 
was not statistically significant.  
Some studies reported no differences in frontal plane hip and knee angles between 
PFP and healthy control groups. When comparing tasks used in previous research that 
showed different frontal plane kinematics and did not, there was no apparent difference in 
task demands or type of tasks. Several authors
37,148
 hypothesized that the tasks selected in the 
study were not demanding enough to elicit kinematic differences or PFP patients may have 
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established compensatory mechanics by decreasing hip adduction angle (move to more hip 
abduction) to minimize pain. One study
148
 supported this hypothesis by showing different 
kinematics in PFP individuals performing same task at different velocities. Salsich et al.
148
 
investigated hip adduction and internal rotation angles at a maximal knee extension angle, 
corresponding to the angle which the patella is most unstable, and maximal internal knee 
extension moment (highest knee joint reaction force) during walking in females with PFP. 
They walked under two different conditions: free speed (preferred velocity) and fast speed 
(faster than preferred velocity). While females with PFP demonstrated no differences in hip 
kinematics during free speed walking compared to the control group, the same group 
demonstrated significantly greater hip adduction angle at the maximal knee extension angle 
and less hip adduction angle at the maximal internal knee extension moment during fast 
speed walking compared to the control group. The authors
148
 suggested that this may 
represent an attempt to minimize patellofemoral contact pressure during maximal knee 
loading in females with PFP. The increased hip adduction at the maximal knee extension 
angle may occur as PFP participants may be less able to control their motions at fast walking 
speeds. Furthermore, in the same study, 4 out of 20 participants with PFP demonstrated 
increased hip adduction at both time points with significantly greater pain on visual analogue 
scale compared to the others. This emphasized the potential for increased hip adduction and 
knee abduction to increase contact pressure, and produce pain. Correcting frontal plane 
motions could be beneficial for treatment of PFP if individuals present with excessive hip 
adduction, knee abduction, or both motions.   
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2.4.3. Transverse plane biomechanical alterations 
Increased hip internal rotation and knee external rotation have been shown to 
decrease contact area,
132,134
 consequently increasing contact pressure at the patellofemoral 
joint.
24,25,28,130,133,134
 Therefore, it is believed that individuals who developed PFP may 
display these kinematics during dynamic activities. Specific to hip joint, individuals with PFP 
displayed increased hip internal rotation angle during walking,
49,147,148
 running,
34,48
 single-leg 
squat,
27
 step-down,
34
 and drop-jump
34
 compared to a healthy control group. Conversely, a 
large portion of research demonstrateds that individuals with PFP displayed similar hip 
internal rotation motion in walking,
50,148
 running,
28
 stair descent,
39,150
 and single-leg squat
27
 
tasks in comparison to the control group. Moreover, two studies demonstrated that PFP 
patients actually demonstrated increased hip external rotation in comparison to the control 
group.
40,151
  
Increased knee external rotation has also been shown to decrease contact pressure.  
Cadaveric study displayed lateral rotation of the patella with increased knee external rotation. 
The patellar tendon connects tibial tuberosity and the patella. Therefore, external rotation 
shifts the tibial tuberosity laterally, which pulls the apex of the patella laterally via a patellar 
tendon, consequently rotates the patella laterally. Thus, excessive external knee rotation 
could be associated with PFP. A few studies have investigrated knee transverse plane 
kinematic alterations.
40,48
 Interestingly, these two studies demonstrated contrasting results. 
Willson et al.
40
 examined lower extremity kinematics in 20 females during three different 
tasks, including single-leg squat, running, and single-leg jump and revealed that females with 
PFP generally demonstrated increased knee external rotation angle compared to the control 
group. Noehren et al.
48
 also reported that female runners demonstrated significant differences 
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in knee rotation. Individuals with PFP demonstrated increased knee internal rotation with 
respect to the control group, which directly opposes previous research. Several studies have 
shown no significant different in knee transverse kinematics.
28,37,49,50,147,152
  
Similar to frontal plane hip and knee movement patterns, individuals with PFP 
appeared to demonstrate compensatory mechanics to decreased contact pressure at the 
patellofemoral joint. Powers et al.
49
 presented that PFP patients demonstrated two opposite 
movement patterns. Fifty percent of participants displayed increased hip internal rotation 
while another 50% exhibited increased hip external rotation during walking.
49
 Additionally, 
Willson et al.
40
 demonstrated increased hip external rotation compared to the control group 
during various functional tasks. As research has shown hip internal rotation and knee external 
rotation decrease contact area and increases contact pressure, moving the femur in external 
rotation and the knee in internal rotation is suggested as a compensatory mechanics to 
decrease contact pressure.
49
  
2.4.5. Muscle performance 
 Altered muscle strength has been observed in individuals with PFP. Research has 
consistently reported gluteal muscle weakness.
30-32
 Individuals with PFP have presented with 
strength deficits in hip abductors,
31,32,34,41,84,117,150,151,153
 hip extensors,
34
 and hip external 
rotators.
30,41,150,151,153
 compared to the healthy individuals. The hip abductors and external 
rotators eccentrically control hip adduction and hip internal rotation, respectively. Strength 
deficit in these muscles are suggested to predispose the femur to move into adduction and 
internal rotation, consequently increasing knee valgus angle during dynamic activities. 
However, previous research has not demonstrated strong relationship between gluteal muscle 
strength and lower extremity kinematics.
52,56,150,151
 Bolgla et al.
150
 demonstrated that females 
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with PFP tended to display greater knee varus angle compared to the control group during 
stair descent task. Willson et al.
151
 demonstrated less hip internal rotation angle compared to 
the control group during three-consecutive single leg jump tasks. Earl et al.
56
 reported a 
significant reduction in knee abduction moment, however there was no improvement in hip 
or knee kinematics following an 8-week rehabilitation program involving core and gluteal 
muscle strengthening. Lastly, Ferber et al.
52
 also did not demonstrated a significant 
improvement in frontal plane kinematics in females with PFP during running following a 6-
week hip abduction and hip external rotation exercise program. Although gluteal muscle 
strength and hip and knee kinematics appear to have a weak relationship, this relationship 
becomes stronger in the presence of fatigue.
38
 Dierks et al.
38
 examined the hip abductors and 
external rotators strength before and after prolonged running. Female runners with PFP 
demonstrated significantly less strength in these muscle groups at the beginning of running, 
but the relationship with the hip adduction angle was weak (r=-0.344, p=0.069). However, 
the level of association became stronger at the end of running (r=-0.74, p=0.002) 
accompanied by significant reduction of hip abductor strength and increased hip adduction 
angle in comparison with those at the beginning of running.  Collectively, the ability to 
generate optimal muscle force once fatigued is essential to maintain appropriate lower 
extremity kinematics in frontal and transverse planes for individuals with PFP. Therefore, 
strengthening gluteal muscles is important component for PFP prevention and rehabilitation.        
 Muscle flexibility could also contribute to PFP. Piva et al.
36
 examined the lower 
extremity muscle flexibility in females with and without PFP. The gastrocnemius, soleus, 
hamstrings, and quadriceps muscles were shown to be less flexible in females with PFP when 
compared to females without. Decreased gastrocnemius and soleus flexibility can result in 
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restricted DFROM. Restricted DFROM can cause increased knee valgus. Rabin and Kozol
68
 
demonstrated that females displaying poor movements in the knee, hip, and trunk frontal and 
transverse planes during step-down maneuvers exhibited decreased DFROM. As discussed 
earlier in this document, restricted DFROM is associated with subtalr pronation and flat feet.
141
 
This foot motion has direct and indirect influence along the ankle, knee, and potentially hip 
joint.
34,82
 Subtalar eversion facilitates the internal rotation of the tibia to increase the 
congruency of the joint, which could lead to femoral (hip) internal rotation, consequently 
increase knee valgus,
112
 which could cause PFP by decreasing contact area and increasing 
contact lateral force, thus contact pressure.
21
 Decreased flexibility of the iliotibial band is 
also reported in individuals with PFP.  Tight iliotibial band could pull the patella laterally, 
which cause malalignemnt of the patella within the femoral condyle and increases lateral 
contact pressure, consequently increases contact pressure and cause pain. Contributions of 
other muscle tightness (quadriceps and hamstrings) to PFP have not been identified. 
Evidence indicates that increasing DFROM  and hip adduction may be beneficial for treatment 
of PFP. 
2.4.4. Summary of biomechanical and muscle alterations following PFP development 
Individuals with PFP displayed various movement patterns in sagittal, frontal, and 
transverse plane hip and knee kinematics, indicating there are no typical movement patterns 
for individuals with PFP. A reason for the varied movement patterns in individuals with PFP 
has been suggested as compensatory mechanics that individuals with PFP establish to 
minimize contact pressure to decrease level of pain.  Although individuals with PFP have 
varied movement patterns, greater hip adduction and knee abduction are common themes that 
appear to facilitate pain.
148
 Therefore, correcting excessive hip adduction and knee abduction 
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may be beneficial for PFP prevention and rehabilitation if individuals present with them. 
Some muscle characteristics are similar between individuals who were going to develop PFP 
and who had already developed PFP. These factors included hip abductor strength, knee 
extensor strength, tight gastrocnemius, soleus, quadriceps, and hamstrings. Although 
consequences are different, these factors could contribute to increase contact pressure, and 
increase pain, strengthening these muscles and increasing these ROM may help to decrease 
knee valgus, thus benefit treating PFP. 
 
2.5 PFP Prevention and Rehabilitation Exercise 
2.5.1. Effect of PFP Prevention Exercise 
Despite of high prevalence of PFP, there are a limited numbers of studies 
investigating the effect of prevention exercise on PFP development. Coppack et al.
17
 
conducted 14-weeks intervention, 6 times per week, on 1500 military recruits, and followed 
the incident rate of PFP for 1 year. The PFP prevention program included 8 exercises of 
closed kinetic chain exercise targeting quadriceps and gluteal muscles and stretching 
exercises targeting quadriceps, iliotibial band, hamstrings, and calf muscles. The intervention 
group demonstrated significant reduction in incidence rate of PFP with 1.3% of the 
intervention group developing PFP as opposed to 4.8% of the control group developed PFP 
following intervention. Contrary to this result, Brushoj et al.
18
 conducted a 12 weeks 
intervention in 1000 military personnel. The intervention did not result in a reduction in 
incidence of PFP. The exercise program included closed and open kinetic chain exercises for 
both gluteal and thigh musculature combined with quadriceps stretching, performed 3 times a 
week for 12 weeks. These contrasting findings may be explained by difference in the 
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duration of training, specific exercise, inclusion of supervision and instruction between 
studies.  
In a study by Coppack et al,
17
 prevention exercises were conducted 6 times per week 
for 14 weeks while Brushoj et al.
18
 trained 3 times a week for 12 weeks. The overall training 
duration (dosage) of the exercise program was much longer for participants in a study of 
Coppack et al, which may have contributed to findings of reduced risk of PFP. The specific 
exercises were slightly different between studies. While both programs contained lower 
extremity strengthening exercises, the program of  Coppack et al.
17
 stressed muscle flexibility 
by including four different stretching exercises while Brushoj et al.
18
 contained only 1 
stretching exercise. As prospective risk factor studies have suggested tightness of the calf, 
quadriceps, hamstrings muscle groups increase the risk of developing PFP. The exercise 
program utilized by Coppack et al.
17
 may decrease risk of PFP. Lastly, participants in 
Coppack et al.
17
 performed the program with direct supervision and participants were 
provided instructions about proper technique over 14 weeks. Contrary to that, participants of 
Brushoj’s study18 performed prevention exercises with direct supervision from the army 
sergeants for first 6 weeks followed by 6 weeks of self-directed performance. This self-
directed performance might result in that participants performing exercises with faulty 
movements and also decrease compliance to the program, which may result in failing to 
reduce rate of PFP. 
2.5.2. Effect of PFP Rehabilitation Exercise 
Multiple studies demonstrate that rehabilitation exercises focusing on gluteal muscle 
or knee extensor strengthening can reduce or eliminate symptoms associated with PFP and 
improve functionality.
52,55-59,154,155
 Furthermore, underlying mechanics of how pain and 
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functionality improved has been unclear. In fact, only three research studies have examined 
kinematic alterations following an exercise program. Earl et al.
56
 observed decreased knee 
abduction moment with no associated kinematic changes during running after an 8-week 
exercise program involving gluteal and core strengthening and stability exercises and 
stretching exercises. In related research, Ferber et al.
52
 focused on hip abduction and external 
rotation strengthening for 3 weeks. These individuals displayed decreased knee movement 
variability with no kinematic changes in hip and knee frontal plane motions. Although pain 
reduction following an exercise program has been reported in each study, there is a high 
recurrence rate of PFP symptoms in these individuals.
3,6,15,156
 Given that PFP is multifactorial, 
rehabilitation programs that focus on knee of hip muscle strengthening may not adequately 
address all issues related to PFP development. Furthermore, those who were in the previous 
study were included in the study based on the symptoms; the factors which may cause the 
symptoms may be disregarded or may not be matched with the aim of the exercise program. 
Since exercise programs are designed to correct movement patterns in individuals with PFP, 
exercise program should be specific to the movement patterns for each individual. 
2.6 Factors associated with Medial Knee Displacement 
 Previous research addressed excessive frontal plane biomechanics as risk factors to 
PFP and many individuals with PFP present with excessive hip abduction, internal rotation, 
knee abduction and rotation, it is beneficial to establish prevention exercise program which 
target to individuals with medial knee displacement. In order to do that, identifying factors 
associated with MKD is essential. 
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2.6.1. Range of Motion Factors 
 Ankle Dorsiflexion 
Restricted ankle DF ROM has been observed in individuals with PFP.
36
 Restricted 
ankle DF ROM can result in greater knee valgus angle during dynamic tasks.
67,68,80
  
Restricted DFROM is associated with excessive foot pronation.
141
 This alignment increases 
subtalor eversion.
112
 As a result the tibia increases internal rotation as a coupling motion with 
the talus, which eventually increases knee valgus.
112
 This suggests that decreased flexibility 
of the gastrocenemius could increase Q-angle, consequently increase lateral resultant force, 
which may lead to increased contact pressure at the lateral patellofemoral joint, thus leading 
to pain. Three studies compared the physical characteristics in those with two-dimensional 
medial knee displacement and without in double-leg squat,
63
 lateral-step down,
68
 and single-
leg squat tasks.
67
 Rabin and Kozol
68
 and Mauntel
67
 demonstrated significantly decreased DF 
ROM with knee extended, flexed, and weight bearing in those with greater knee valgus 
during functional tasks. In a study by Bell et al.
63
 demonstrated no significant difference in 
DF ROM with knee extended or flexed Although the difference was not significant, 
individuals with greater knee valgus had 21% less DF ROM knee extended and 23% less DF 
knee flexed. Furthermore, there is a trend that DF ROM with knee flexed was approaching to 
significant (p=0.06). 
Sigward et al. 
80
 examined the relationship between the frontal plane knee excursion 
with lower extremity isometric muscle strength and range of motions and revealed that DF 
ROM with knee flexed was negatively correlated with frontal plane knee excursion (r=-0.27, 
p<0.05), indicating restricted DF ROM is related with greater frontal plane knee excursion in 
adolescent female soccer players. Contrary, Fong et al.
157
 did not find any relationships 
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between the frontal plane knee kinematics ankle DF ROM during a jump-landing task in 
young adult males and females. The discrepancy between two studies may be due to the 
difference in magnitude of DF ROM. Fong et al.
157
 reported average 14.3 degrees ankle DF 
with knee extended and 18.9 degrees for knee flexed, while Sigward et al.
80
 reported average 
-3.5 degrees ankle DF with knee flexed. The normal ankle DF ROM is above 15 degrees, 
thus the participants in a study by Fong et al.
157
 may already have optimal range of motions, 
which may not show alter frontal plane knee kinematics. The other reason may be due to the 
mixed gender. The number of studies investigating association between ankle DF ROM and 
frontal plane knee kinematics is limited; however, based on the evidence, increasing DF 
ROM may help to decrease knee valgus during dynamic activities. 
Hip rotation range of motions 
Hip rotation ROM has been explored and has shown that both hip internal rotation 
(HIRROM) and hip external rotation (HERROM) have potential to influence lower extremity 
frontal plane kinematics.
63,67,68,80
 Excessive hip internal rotation, or excessive hip internal 
rotation relative to hip external rotation ROM has been associated with greater femoral 
antetorsion angle.
158,159
 Femoral antetorsion is the frontal projection angle of the head of the 
femur relative to the posterior surface of the femoral condyle.
115
 Greater femoral antetorsion 
has been shown to influence lower extremity biomechanics by increasing hip internal rotation 
to increase stability at the acetabulum. Furthermore, Nyland et al.
160
 demonstrated that 
individuals displaying greater femoral antetorsion display decreased activity of the gluteus 
medius (GMED) and vastus medialis (VM), suggesting decrease frontal plane hip and knee 
stability. Kaneko et al.
161
 compared the knee valgus kinematics between the individuals with 
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greater femoral antetorsion and less femoral antetorsion. They identified that individuals with 
greater femoral antetorsion presented with increased knee valgus during a single-leg landing.  
Sigward et al.
80
 demonstrated significant negative relationship between hip external 
rotation ROM and frontal plane knee excursion (r=-0.4, p=0.005),
80
 indicating individuals 
with less hip external rotation ROM had greater frontal plane knee excursion. Less HER 
ROM has been suggested to lead greater tendency to draw the femur internally,
80
 thus 
increase hip adduction. Contrary to this, one study demonstrated individuals with MKD 
presented with greater HERROM.
63
 Furthermore, other studies demonstrated no significant 
difference in HERROM between those with excessive frontal plane knee kinematics and 
without.  
For HIRROM, three studies have examined the associations with the frontal plane knee 
kinematics, and two studies found that HIRROM is not a significant factor for the frontal plane 
knee kinematics.
67,80
 However, one study demonstrated greater HIRROM in those with greater 
frontal plane knee position during lateral-step down.
68
 As same method was used in 
measuring hip ROM across studies, it is not clear what is attributed to this discrepancy. 
Association between frontal plane knee kinematics and hip rotation ROM is unclear with 
limited number of study investigating association between hip rotation ROM and frontal 
plane knee kinematics and inconsistent results. The magnitude of or difference between 
HIRROM and HERROM is associated with femoral antetorsion angle. Relationship between the 
femoral antetorsion angle and lower extremity kinematics will be discussed in the bony 
alignment section.      
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Other joint range of motions 
 Evaluation of hip extension, hip adduction, and hip abduction, and knee extension 
and knee flexion range of motions has been limited.
63,67
 These variables did not show 
associations with knee valgus angle. Furthermore, those who displayed medial knee 
displacement during a single-leg squat task did not show significant difference in these joint 
ROM compared to individuals who did not.
67
  
2.6.2. Muscle Strength Factors 
A number of research studies investigated role of muscle strength on frontal plane hip 
and knee kinematics and kinetics. These muscles included, hip abductors ,
62,65-67,78,79,162-167
, 
hip external rotators,
57,62,63,66,67,80,162,166
 hip extensors,
62
 hamstrings,
62,64
 plantar flexors,
63,67
 
and dorsiflexors.
57
  Large body of research studies explored the role of the gluteus medius as 
a hip abductors and gluteus maximus as a hip external rotators because it has been believed 
that sufficient strength of these muscles could resist hip adduction and internal rotation, 
subsequently limit knee valgus. However, majority of studies have shown none to minimal 
relationship between the strength and knee valgus.
62,65-67,78,79,162-167
  
Hip Abductors 
A number of research has explored function of the hip abductors on the knee frontal 
plane motions because the gluteus medius is a prime hip abductor and adequate strength of 
this muscle has been believed to have an ability to resist hip adduction, resulting in limiting 
knee valgus angles.  While there are few studies that support this relationship,
61,62
 other 
studies did not show this relationship.
66,80,162,164
 Geiser et al.
79
 reported greater knee valgus 
angle along with less hip abduction isometric strength during functional tasks when 
individuals were in fatigued condition. Although there was a significant difference in knee 
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valgus angle and hip abduction strength, the difference was only 1 degree. Authors suggested 
that 1 degree difference in knee valgus excursion may not clinically important, thus 
relationship between the strength and knee valgus angle was still unclear from this study. 
Similarly, Patrek et al.
168
 also reported reduction of the hip abductor strength, no knee 
abduction alteration was found during a single-leg landing form a jump. 
Moreover, Hollman et al.
65
 demonstrated significant correlations between the 
isometric hip abductor strength and frontal plane projection angle during a step-down 
maneuver, however, this relationship was opposite to the hypothesis, indicating that greater 
hip abduction strength was associated with greater frontal plane projection angles. Lastly, 
Bell et al.
63
 examined the difference of isometric hip abductor strength in individuals with 
and individuals without medial knee displacement, and revealed both groups displayed 
similar hip abductor strength.  
Hip External Rotators 
Specific to hip external rotators, majority of research demonstrated no associations 
between the hip external rotator strength and peak knee valgus angle
62,65,167
 or knee valgus 
excursion during functional tasks.
62,80,162
  Contrast to these studies, two studies demonstrated 
associations between hip external rotators and frontal plane knee movement. Willson et al.
66
 
displayed that individuals with stronger hip external isometric strength demonstrated greater 
frontal plane projection angle during a single-leg squat task, which is contrary to the general 
hypothesis that weak hip external rotators would increase knee valgus excursion. Bell et al.
63
 
also demonstrated that individuals presented with medial knee displacement had greater hip 
external rotators isometric strength compared to those who did not. Muscle strength was 
measured in different means, including concentric, eccentric, and isometric and these 
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difference, which makes direct comparison with each other. However, this collective 
evidence in general suggests that hip external rotation strength is not associated with frontal 
plane knee movement.  
Other Muscle groups 
In addition to hip abductors and hip external rotators strength, researchers 
investigated other muscle group strength in relation with frontal plane knee movement. 
Because of the limited number of studies, it may not be adequate to draw a conclusion from 
current research findings. Overall, research indicated minimal associations with frontal plane 
knee movement. For hip extension strength, two studies reported contradictory results. While 
individuals with medial knee displacement during a double-leg squat presented with greater 
isometric hip extension strength compared to those without,
63
 Willson et al.
66
 did not find this 
relationship. As knee flexors crossed the knee joint, it can provide frontal plane stability , 
which could influence knee abduction angles. Claiborne et al.
62
 reported less concentric knee 
flexion strength is associated with grater knee valgus excursion during a single-leg squat. 
Wild et al.
64
 compared lower extremity biomechanics during a landing on a single limb from 
a forward jump in adolescent females with weak (< 45Nm) and strong (>60Nm) knee flexors 
and revealed that those who with less concentric knee flexor strength demonstrated greater 
knee abduction angle along with greater knee external rotation, hip flexion, and hip external 
rotation during a compared to those who with greater knee flexors. Unlike other muscles, 
limited study investigated associations with knee extensor strength and reported less 
concentric knee extension strength is associated with grater knee valgus excursion during a 
single-leg squat task.
62
 Lastly, one study showed less strength in plantar flexors in those with 
medial knee displacement during a double-leg squat compared to those without.
63
  A number 
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of research studied have demonstrated associations between muscle strength and frontal 
plane knee movement. Current research suggests that lower extremity muscle strength might 
be associated with frontal plane knee movement, but muscle strength solely cannot explain 
underlying mechanics how these muscle groups are associated with frontal plane knee 
movement. Level of muscle activity could have a potential to explain how these muscle are 
associated with frontal plane knee motions.    
2.6.4. Muscle activity 
Muscle activity is another mean to quantify muscle performance. Individuals with 
either less hip abduction strength or greater frontal plane knee collapse appear to have 
different muscle recruitment pattern compared to individuals with greater hip abduction 
strength or with no frontal plane knee collapse, respecively. Homan et al.
165
 investigated hip 
abductor strength, hip abductor muscle activation, and knee valgus excursion during a jump-
landing task in 75 healthy males and females. Participants were then classified into weak hip 
abductor group (bottom 25 tertile) and strong hip abductor group (top 25 tertile). Although 
these groups were not different in knee abduction excursion, individuals with weak hip 
abduction strength demonstrated greater hip abductor activation compared to individuals with 
greater hip abduction strength. This result indicates that neural recruitment patterns are 
different between weaker and stronger hip abductor groups. The authors
165
 suggested that 
this elevation of the neural drive could resist frontal plane kinematics excursion in those with 
weaker hip abductors. Other recent studies
67,70
 suggested level of GMED could contribute to 
drive the femur into adduction. In these studies, although there was no statistical significance, 
over 30% greater hip adductors activity was found in individuals with medial knee 
displacement during a double-leg squat task
70
 and a single-leg squat
67
 without showing 
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different gluteus medius activity compared to individuals without medial knee displacement. 
Furthermore, Mauntel et al.
67
 reported individuals with MKD demonstrated 47% reductions 
in co-activation ratios between the gluteus medius and hip adductors (MKD=2.4, 
Control=4.5). This result indicates that individuals with medial knee displacement 
dominantly used hip adductors while individuals without MKD dominantly used gluteal 
muscles during a single-leg squat task. Mauntel et al.
67
 also reported individuals with MKD 
had less co-activation ratios between gluteus maximus and hip adductors. Reduced co-
activation ratios in these muscle groups may indicate that individuals with MKD may not be 
able to activate the gluteus maximus, consequently hip adductors as a synergist of hip 
extensors increase its activity to compensate for decreased gluteus maximus activity.
169
 
These patterns of co-activation ratios in individuals with MKD suggest decreasing hip 
adductors activity while increasing or maintaining GMED and GMAX activity may have 
potential to improve frontal plane knee movements. 
Activity of the hamstrings and quadriceps could also contribute to frontal plane knee 
movement.
71,170
 Palmieri-Smith
71
 examined the external knee abduction moment and co-
contraction ratios between the medial thigh musculature (medial quadriceps and medial 
hamstrings) and lateral thigh musculatures (lateral quadriceps and lateral hamstrings)  during 
a forward hop task in males and females. Females demonstrated decreased medial thigh co-
contraction ratios and increased external knee abduction moment relative to males. Moreover, 
this co-contraction ratios accounted for 79% of variance of the external knee abduction 
moment. Mauntel et al. also demonstrated 34% less medial hamstrings activity relative to the 
lateral hamstrings in individuals with MKD whereas the control group demonstrated 18% 
reduction relative to the lateral hamstrings. Results suggest increasing medial thigh muscle 
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activity may help to improve decrease external knee abduction moment, potentially improve 
frontal plane knee kinematics. 
Lastly, overactivity of the gastrocnemius can also contribute to frontal plane knee 
movement. Padua et al.
70
 displayed 1.25 and 1.35 times more medial and lateral 
gastrocnemius activity along with incresed tibialis anterior activity in the individuals with 
MKD during a double-leg squat task compared to the control group. Overactivity of 
gastrocnemius and tibalis anterior may increase stiffness at the ankle joint, thus decreases 
overall motions at the ankle joint. Several studies have demonstrated increased frontal plane 
knee motions in individuals with restricted ankle dorsiflexion,
67,68,80
 increasing ROM at the 
ankle DF and decreasing gastrocnemius activity may have benefit in improving frontal plane 
knee kinematics.  
2.6.5. Bony Alignment Factors 
 Static bony alignment has been theorized to alter dynamic movement of the lower 
extremity. Forefoot varus, external tibial torsion, and femoral antetorsion angles have been 
theorized to alter lower extremity movement patterns.  
 Femoral antetorsion is defined as an excessive internal rotation of the femur in a static 
alignment.
115
  Femoral antetorsion angle is the largest at a time of born and become 
decreased with growth. The normal angle ranges from 10 to 15 degrees.
115
 Greater than 15 
degrees is considered as an excessive. Systematic review by Riegger-Krugh and Keysor.
81
 
showed that individuals with excessive femoral antetorsion usually accompanied by toe-in 
alignment. To compensate for toe-in alignment, these individuals tend to externally rotate 
their knees.
81
 Combined excessive femoral antetorsion and increased knee external rotation 
in turn increases frontal plane knee displacement. This theory has been supported in a study 
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by Nyland et al.
160
 who examined the gluteal and thigh muscle strength and activity. In this 
study, individuals with excessive femoral antetorsion demonstrated less VM and GMED 
activity during isometric muscle contraction, suggesting excessive femoral antetorsion can 
influence muscle activity, thus alters lower extremity kinematics.   
External tibial torsion is a transverse plane alignment of the distal tibia relative to the 
proximal tibia.
171
 Normal external tibial torsion angle ranges between 20-30 degrees. 
Literature
81
 suggested that excessive external tibial torsion with non-weight bearing 
condition may demonstrate compensatory mechanics including increased foot-external 
rotation (toe-out) and foot pronation. Foot pronation has been believed to occur with 
adduction and internal rotation of the talus, which is theorized to increase tibial internal 
rotation and hip internal rotation as a coupled motion.
82
  
 Forefoot varus is the static measurement of the frontal plane angle of the forefoot 
relative to the rarefoot with non-weight bearing condition.
172
 During a weight-bearing 
condition, forefoot varus is hypothesized to pronate forefoot to increase contact area, which 
also increases rarefoot pronation. These combined motions will subsequently increase talus 
internal rotation, internal rotation to increase congruency, which leads to increased hip 
internal rotation angle.
82
 Combined motions will result in increased knee valgus during 
dynamic tasks. In fact, Joseph et al
173
 demonstrated that 5 degrees of medial post decreased 
knee valgus angle during a drop-jump task compared to the non-medial post condition.  
Femoral antetorsion, external tibial torsion, and forefoot varus bony alignment might 
potentially influence frontal and transverse plane knee and hip kinematics, which may lead to 
increased knee valgus angle during functional tasks. As Joseph et al.
173
 reported, individuals 
with these bony alignment may not have benefit from exercise program if faulty movement 
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pattern is due to bony alignment. Having these individuals with bony abnormalities may 
mask true effect of the exercise program, therefore, these individuals with bony abnormalities 
should be excluded. Perhaps these individuals have more benefit from custom orthotics.  
2.6.6. Summary of Factors Associated with Knee Valgus  
 Literatures have suggested knee valgus motions as multifactorial, including proximal, 
distal, and local muscle strength, muscle tightness, muscle activities, and bony deformities. 
This multifactorial condition suggests that exercise program aimed to reduce knee valgus 
angle should target multiple factors. Muscle strength, muscle tightness and muscle activities 
can be corrected by exercise training, however, bony deformities cannot be corrected through 
exercise training. Those who with excessive bony deformity may not have great benefits 
from exercise program. 
 
2.7. Effect of Current Knee Injury Prevention Exercise Programs on frontal plane knee 
kinematics and kinetics: Systematic Review. 
Knee injury is the most common activity related injury in adults
1,3
 and second most 
common injury in the high school athletic populations.
174
  Associated medical costs 
accounted for approximately one-third of all sports related injury costs.
175
 Of all knee injuries, 
anterior cruciate ligament (ACL) injury and patellofemoral pain (PFP) are two common 
injuries.
3
 These injuries likely occur in adolescents and young adult populations and females 
have higher risk of these injuries compared to males.
3,5,176
 Short and long term disabilities 
include high recurrence rate following surgery or rehabilitation,
15,177
 and higher risk of 
development of osteoarthritis.
16,178
 Therefore, prevention of ACL injury and patellofemoral 
pain is important. 
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 While ACL injury occurs as a result of an acute abnormal loading to ACL, PFP 
develops over time as a result of increased contact pressure at the lateral patellofemoral joint. 
Although etiologies of these injuries are different, excessive knee abduction or knee valgus 
has been associated with these injuries. In vivo study demonstrated that combination of knee 
abduction and internal rotation increases loading on ACL.
179
 Prospective ACL injury study 
demonstrated increased knee abduction angle during drop-landing task as a risk factor to 
ACL injury in young female populations.
77
 Knee valgus position also affects patellofemoral 
joint loading.  Increased knee valgus angle leads to an increased lateral resultant force 
between the quadriceps and patella tendon. In fact, cadaver study demonstrated that increased 
knee valgus angle decreased contact area and increased contact pressure.
21
  Therefore, 
avoiding or correcting knee valgus during functional tasks has been suggested to decrease 
risk of these injuries.  
Knee injury prevention programs has been designed to correct faulty movement 
patterns, such as frontal and transverse plane knee and hip kinematics which have been 
suggested as associated factors to both ACL and PFP. Various programs have been 
developed and implemented to adolescents and young adult athletes in various sports.  
Exercise programs included single component of or combinations of muscle strengthening, 
stretching, balance exercise, plyometric exercise, and agility exercises.
17,73,74,180-182
 However 
the effect of these programs have been inconclusive with some programs successfully 
reducing the number of injuries while other programs not showing significant 
effects.
17,73,74,180-182
 Since the knee injury prevention program is designed to reduce number 
of incidence by correcting faulty movement patterns, it is important to understand the 
characteristics of the effective exercise program regarding to improving faulty movement 
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patterns. Therefore, the purpose of this systematic review was to identify the characteristics 
of successful and unsuccessful knee injury prevention exercises regards to components, and 
dosage (length of program, duration of session, and number of sessions per week in 
correcting lower extremity dynamic alignment.  
 
METHODS 
Data Source 
We performed systematic search to identify relevant literatures published between 
August 1992 and August 2012 using PubMed.  
 
Study Selection 
Search terms included the combination of the followings: knee, knee joint, 
patellofemoral pain, anterior cruciate ligament,  lower extremity, prevention, exercise, 
training, program, strengthening, stretching, balance, plyometrics, agility, neuromuscular, 
valgus, abduction, kinematics, knee separation distance, movement patterns, kinetics, loading. 
Titles and abstracts of the extracted literatures were reviewed to examine if the contents of 
the literatures met the inclusion criteria.  Literatures were included if they1) used chronic 
exercise intervention, 2) targeted youth and young adult populations, 3) reported frontal 
plane knee kinematics or kinetics. The literatures were excluded if 1) the exercise program 
targeted pathological populations, such as individuals with ACL injury, PFP, or arthritis, 2) 
they did not report frontal plane kinematics or kinetics, 3) they were not written in English. 
The reference list of the retrieved literatures was checked for relevant literatures that were 
not extracted through electrical search.  
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Quality Assessment 
Quality of the literatures was assessed using Physical Therapy Evidence Database 
(PEDro) scale (Center for Evidence-Base Phsyotherapy, The George Institute for Global 
Health, University of Sydney, NSW, Australia) for the selected literatures.  
 
Data Extraction 
Selected literatures were evaluated for effectiveness of the exercise program on 
frontal plane knee kinematics or kinetics, characteristics of the participants including sex, age, 
and inclusion criteria in the study, components and dosage of the exercise program, and 
presence of instruction during the performance of exercise program. We also calculated the 
effect size (ES) to evaluate the magnitude of changes between pre- and post- exercise 
program, using Cohen’s d. 
 
Results 
 Initial search retrieved a total of 154 literatures. We read the titles and abstracts to 
identify if the articles were met the criteria that we determined. Initial review was performed 
by reading titles and abstracts, and narrowed down to 17 literatures. We then reviewed whole 
text to identify the literatures that met the inclusion and exclusion criteria which is set by the 
primary author. Eight relevant literatures were added in our review after we review the list of 
the references of the primarily selected articles. A total of 25 literatures with 29 exercise 
programs were entered for review. Summary of the successful and unsuccessful programs are 
shown in Table 1-A and 1-B, respectively.  
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Effectiveness of the program 
 The exercise program was defined as successful if the participants improved either 
frontal plane knee kinematics or kinetics during at least one task which was tested following 
the exercise. Fourteen studies with sixteen exercise programs demonstrated significant 
improvement in frontal plane knee kinematics or kinetics during functional tasks with an 
effect size (ES) ranging from -1.68 to -0.1 and 0.44 to 1.75.
83-96
  Of fourteen studies, ten 
studies demonstrated significant kinematic improvement
83,84,86-88,90,94
 while four studies 
demonstrated kinetic improvement.
85,88,89,95,96
 Three studies 
88,95,96
 reported both kinematics 
and kinetics.  Two studies
90,183
 did not demonstrate kinematic improvement, but did 
demonstrate kinetic improvement. Contrary to these two studies, one study
88
 demonstrated 
kinematic improvement, but did not show improvement in kinetics. Improvement of 
kinematics or kinetics did not accompany with each other (Table 1-A). 
Twelve studies with fifteen exercise programs did not improve frontal plane 
kinematics or kinetics following intervention programs,
85,97-106
 with an ES ranging from -0.67 
to -0.1and 0.07 to 2.17and.  Six studies with seven programs reported 
kinematics,
97,100,101,103,104,106
 while seven studies with ten programs reported 
kinetics
85,97,100,101,103-105
 Seven studies reported both kinematics and kinetics, which reported 
no improvement in either kinematics or kinetics following an intervention (Table 1-
B).
97,100,101,103-105
  
Subject characteristics 
Twenty-one studies examined only female participants,
83,85-96,98-106,183,184
 One study 
included male participants alone.
87,89
 and two studies included both males and females.
84,97
 
Among successful exercise program, six studies with seven exercise program examined adult 
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populations (>18 years) while seven studies with eight exercise program examined 
adolescents (<18 years). Among exercise programs which were not successful, six studies 
with seven exercise program examined adult populations while seven studies with eight 
exercise programs included the adolescent populations.  The proportions of adults and 
adolescents were the similar between successful and not-successful exercise programs. 
Participants were included in and excluded from the study according to the criteria set 
for each study. Reviewed studies used combinations of following criteria to control the 
characteristics of the participants: type of sports participated (successful =10, unsuccessful 
=9), 
84-93,96-101,103,104,106
 level of activity (successful =7, unsuccessful =5),
83,85,89,91,92,94-96,98-
101,183
 history or presence of injury (successful=10, unsuccessful=6),
84,85,88,89,91-95,98-100,104,184
 
previous experience in training or sports (successful=1, unsuccessful=2),
85,96,100
 
biomechanical and anatomical characteristics(successful=3, unsuccessful=0).
84,89,94,95
  
Overall, similar inclusion and exclusion criteria were used across the studies with exception 
of biomechanical factors which were used in three successful studies.
84,89,94,95
 These 
biomechanical and anatomical factors included knee abduction moment,
89
 medial knee 
position,
94
 knee separation distance,
84
 and foot deformity.
95
  Table 3-A and 3-B show the 
summary of the variables used in the reviewed studies. 
Dosage of the exercise program 
 Mean length of program, duration of one session, and number of session per for the 
successful programs and non-successful programs was calculated. If the range for each 
variable, instead of exact number, was reported, average of the range was used as the mean 
value.  For the successful exercise program, Length of program, duration of session, and 
number of session per week were 6.6 weeks, 59.8 minutes, and 3.2 sessions per week, 
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respectively for the successful exercise programs and 7.4 weeks, 24.7 minutes, 3.1 sessions 
per week for the non-successful exercise programs. The results indicate that duration of 
session for the successful program was twice as long as that of non-successful exercise 
program while length of program and number of session per week were similar. Table 2-A 
and 2-B show the summary of the dosage of the successful and unsuccessful programs.  
Content of the exercise program 
 Contents of the exercise program were classified as muscle strengthening, flexibility, 
balance, plyometrics, and agility exercises.  Functional strengthening and resistance training 
were categorized as strengthening exercise. Flexibility exercise included both static and 
dynamic stretching.  Core strengthening was included in the balance training since authors 
described core strengthening as part of the balance training.
96
 One study included speed 
training, but we did not count it as a component of exercise because it was included in the 
non-successful exercise, and was the only one study used speed training. 
 Mean number of components included in the exercise program was 3.1 for the 
successful exercise and 2.9 for the non-successful exercise. Strengthening was the most 
common exercise used in the successful program, accounted for 93% (13/15 programs), 
followed by plyometrics (64.3 %, 9/15 programs), balance (50.1 %, 7/15 programs), 
flexibility and agility (35.7 %, 5/15 programs).  Proportion of the components of the exercise 
was similar in non-successful exercise program as it was strengthening (86%, 12/14 
programs), plyometrics (64.3%, 9/14 programs), balance exercise (57.1%, 8/14 programs), 
flexibility (50.0%, 7/14 programs) and agility exercise (28.6%, 4/14 programs).  Overall, 
there were no apparent differences in type of exercise used in each program. For both 
successful and non-successful exercise, strengthening, plyometrics, and balance training were 
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the common components included in the exercise program. Summary of the components of 
successful and unsuccessful programs are shown in the table 4-A and 4-B. 
Feedback/ Instructions 
 Use of feedback and instructions were counted if they were provided during 
performance, or immediately before or after the performance. There was an apparent 
difference in use of feedback between successful and non-successful exercise programs. All 
of successful programs (100%) 
83,86,88-95
 used feedback to ensure that participants performed 
exercises in proper forms.  Four exercise programs 
99,102-104,106
 out of fourteen non-successful 
exercise (35%) used feedback.  Summary of the presence of feedback in successful and 
unsuccessful programs are shown in table 3-A and 3-B. 
 
Discussion 
 The purpose of this systematic review was to identify the characteristics of the 
successful knee injury prevention exercise program regarding characteristics of the 
participants, dosage and contents of the programs and use of feedback. Overall, our review 
revealed that the exercise programs were moderately effective in improving knee abduction 
kinematics or kinetics in athletes in various sports and active populations in various age 
groups.  When comparing successful exercise programs and unsuccessful program, apparent 
difference between these exercise programs were the length of the training session per day, 
presence of feedback as to proper movement during performance, and use of biomechanical 
factors to include or exclude participants. Frequency of the program per week, duration of the 
program, or components of the program did not seem to be different between the successful 
and unsuccessful programs.  
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  The participants improved their knee abduction kinematics or kinetics when they 
performed exercise program for an extended time. The average duration of session for the 
successful program was approximately sixty minutes per day, twice as long as that of 
unsuccessful programs (25minutes), indicating that practicing selected exercise for an 
extended time allowed participants to acquire correct movement patterns. Within the 
reviewed successful programs, there were six programs
84-88
 in which one session lasted 
shorter time than average, ranging from fifteen to thirty minutes per session. To understand if 
the duration of the session solely influenced on movement patterns, we compared the long-
duration program to the short-duration program by matching the participant’s age, 
components of the program, and outcome measures. Regardless the length of the duration per 
session, the programs with similar components resulted in significant improvement. For 
example, Lim et al.
88
 and Noyes et al. 
91-93
 demonstrated significantly less knee separation 
distance during a rebound  jump task
88
 or drop jump task
91-93
 following intervention. The 
program by Lim et al. lasted for twenty minutes and included strengthening, flexibility, 
balance, plyometrics, and agility exercises while the program of Noyes et al. lasted for ninety 
to a hundred and twenty minutes and included same components as the program of Lim et 
al.
88
  There were no other comparable programs because the movement patterns were 
reported in various variables including two-dimension,
74,88,105
 three-dimension,
74,88,90,94-97,100-
106
 knee separation distance,
17,99,100,104,174
 and kinetics,
15,87,102,107,179,180,183
 which make the 
direct comparison difficult. However, if we only consider the components of the program, we 
could compare other programs. Exercise programs by Olson et al
94
 and Baldon et al.
83
 were 
comprised of functional strengthening and balance exercises. While the program by Olson et 
al.
94
 was relatively short with 5 exercises, the program of Baldon et al.
83
 was eighty-minutes 
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long. Both programs improved knee valgus angle in two-dimensions
94
 and three-
dimensions
83
 during a single-leg squat task. Similar relationship observed in the programs by 
Herrington et al.
86
 (fifteen minutes) and Myer et al.
90
 (ninety minutes). Their programs 
consisted of strengthening and plyometric exercises, which improved two-dimensional knee 
valgus during a drop-jump task
86
  and three-dimensional knee valgus during a medial drop 
landing.
90
 These results indicated that the extended time may not be the key component in 
correcting knee frontal plane movement.  
 All of the participants except for two programs of Cochrane et al,
85
  in the successful 
program consistently received verbal feedback to ensure proper forms of the exercise 
reinforcing proper lower extremity alignment by keeping toes, knees, hips, and trunk in a 
neutral position.
87,90-93,95
 before, during, or after the performance throughout the training 
period.
83,84,86-88,90-94
 In addition to verbal feedback, Olson et al.
94
 provided visual feedback by 
using a mirror to ensure participants to perform exercise with correct technique. Practicing 
selected tasks with proper form for an extended time may help participants to adopt correct 
movement patterns. On the other hand, only four out of fourteen unsuccessful programs 
provided feedback. Without feedback, participants may not know the proper form for 
exercise and performed selected exercise with poor form throughout the training session, 
which may result in no improvement post training. Result from this review indicated that 
feedback may play an important role to acquire new motor skills as motor learning theory 
suggests that providing augmented feedback is the important component of the motor skill 
acquisition.
185
 Several studies have demonstrated positive effect of use of augmented 
feedback.
107,110,186-188
 For example, Mizner et al.
187
 demonstrated acute verbal instruction 
about the correct vertical jump-landing technique before performance improved knee frontal 
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and transvers kinematics and kinetics. Concurrent visual feedback successfully altered hip 
frontal  and transverse plane kinematics and vertical ground  during landing phase of running, 
110,186
 and the improvement was transferred over other untrained tasks.
186
  Herman et al.
107
 
demonstrated that video-tape demonstration of the proper landing technique prior to the test 
improved landing kinematics and kinetics in those who performed nine-week strengthening 
training and who did not.  Moreover, recent literature review
189
 revealed that majority of the 
programs which significantly decreased the rate of ACL injury used feedback to emphasize 
on the proper technique.  By receiving feedback pre, during, or post- exercises, participants 
could recognize errors and correct them. Repeating this process over a course of training may 
allow participants to adopt proper forms.  
Contrary to successful exercise program, use of feedback was approximately 30% in 
the unsuccessful programs.  It should be noted that majority of the unsuccessful programs 
with feedback were conducted on adolescents.
97,99,101,103,106
 Unlike the unsuccessful programs 
conducted on adolescents, unsuccessful programs performed in adult population did not use 
feedback.
85,96,98,100,102
 We do not know specific type of feedback used in these programs for 
adolescents, but they were similar to what was used in the program for adults.
83,86,87,94,95
 As 
motor leaning theory suggests,
185
 children have different motor leaning pattern from that of 
adults,
190,191
 different type of feedback may need to be provided to these populations.  
   
Subject characteristics 
 Inclusion and exclusion criteria were similar between the successful or unsuccessful 
exercise programs.  Variables used for the inclusion criteria included gender, type of sports 
played, and level of activity. Being females and playing soccer, volleyball, or basketball 
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increase the risk of common knee injuries,
3
 however they were unmodifiable factors and 
exercise program has nothing to do with these factors. Current knee injury prevention 
programs have been developed based on highly associated biomechanical factors to common 
knee injuries and are aimed to correct these biomechanical factors. Therefore, selecting 
participants based on the unmodifiable factors may not be able to include participants who 
present with high risk biomechanical factors.   
Of successful programs, three studies assigned participants to the group or analyzed 
the data based on the biomechanical factors, such as kinetics
89
 and kinematics.
84,94
 Myer et 
al
89
 used external knee abduction moment to determine group assignment, using cutoff value 
(external knee abduction moment 25.25Nm). Cutoff value was determined using based on the 
previously collected data. Participants were assigned to the “high risk” group if they 
demonstrated external knee abduction moment greater than 25.25Nm during a drop-jump 
task while those who demonstrated below 25.25Nm were defined as low risk to ACL injury 
and assigned to “low risk” group. Following 7-week exercise program, “high-risk” group 
significantly improved their external knee abduction moment compared to their pre-exercise. 
However, the “low-risk” group did not improve knee abduction moment compared to their 
pre-exercise value. Olson et al.
94
 included individuals who presented with apparent medial 
knee position during a single-leg squat.  After four-week neuromuscular exercise program 
including functional strength exercises focusing on gluteal muscle with few balance exercise, 
participants significantly improved frontal plane projection angle compared to the pre-
exercise. However, three dimensional knee valgus angle did not improve. Barndrehidt et al.
84
 
conducted siteen-minute neuromuscular training program on adolescent handball players 
(age 13-19). Participants were classified into two groups during data analysis: above and 
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below average knee valgus alignment based on the average knee separation distance. Knee 
separation distance less than average distance defined as above average knee valgus 
alignment. Similarly, greater than average knee separation distance defined as below average 
knee valgus alignment. Participants with above average knee valgus alignment in the 
neuromuscular exercise training program displayed significantly greater improvement in 
knee separation distance following ten weeks of training while below average knee valgus 
alignment group did not. Significant improvement in hip adduction, internal rotation, and 
contralateral pelvic drop following six-week training was reported by Willy and Davis who 
included participants with excessive hip adduction during running.
111
 This evidence 
suggested that those who present with high risk biomechanical factors received more benefit 
from the programs as compared to those who did not.  
 
Components of the exercise program 
 The number of components of the program did not seem to be difference between the 
two programs. This result is unexpected as recent literature review on prospective injury 
prevention programs reported that integrated exercise have been shown to decrease rate of 
knee injury as compared to single exercise alone.
189
 We subdivide the group by age group to 
see if we could find the difference in the number of components of the exercise between 
adults and adolescents.  We found that unsuccessful adult program included single 
component
85,98,100,102
 or two components
85,96,104,111
 suggesting program with one or two 
components may not be sufficient for the adults to improve knee kinematics or kinetics.  We 
did not find the similar trend in adolescent populations. The number of components of the 
exercise for adolescents were 3.3 for successful
84,88-93
 and 4.2 for unsuccessful 
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programs.
97,99,101,103,105,106
 This result indicated that integrated exercise program may not be a 
key factor for the successful outcomes for adolescent populations. Furthermore, combined 
with the fact that presence of feedback did not have a significant impact in motor skill 
learning in the adolescents, there is something which is more important than those factors. 
From this review, we do not know what makes the program more efficient in adolescent. 
Future research should examine this point.   
 
Limitations  
Several limitations are associated with the result of this review.  First, the movement 
patterns were quantifies using various methods, including two-dimensional and three-
dimensional knee valgus angles and knee separation distance. These measurements are 
different. In this review, Olson et al.
94
 reported significant improvement in frontal plane knee 
projection angle following intervention, but not in the three-dimensional knee valgus angle, 
furthermore, no correlation was found between the two measures. Validation of three 
dimensional measures with two dimensional measures has been inconclusive as some studies 
demonstrated moderate correlations between the two measures.
183,192
  Two dimensional 
measures is the common method that is used in the clinical setting to quantify the quality of 
movement, however, the outcomes should be interpreted carefully.  
Second limitation is the quality of the study. Nine studies out of 21 did not have a 
control group. Without control group, true effect from the exercise program would not be 
measured. To provide a better quality outcome, use of randomized control trials is 
recommended.  
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From this systematic review, it seemed that providing feedback may play an 
important role in learning new motor skills. We do not know the details about when and how 
often feedback was given to the participants, or visual aid/feedback (demonstration by the 
coaches or athletic trainers) was provided. Since various type of feedback may influence 
one’s motor skill acquisition,188,190,193-195 providing aforementioned details about feedback 
would help clinicians to execute the program.  
Majority of participants in the reviewed studies selected based on gender, type of 
sports played, the level of current activity, or sports or training experience. Thus we do not 
know whether participants demonstrated excessive knee valgus during functional tasks tested 
at the beginning, which could confound the outcomes as greater benefit from the exercise 
programs have been observed when the participants demonstrate what exercise program 
made for.
84,89,94,111
  
Lastly, in this systematic review, our focus was the knee valgus kinematics and 
kinetics. Therefore, the effect of reviewed exercise program on other lower extremity 
kinematics and kinetics that have been suggested as high risk factors to ACL or PFP may not 
be the same. 
 
Suggestions for future studies  
Majority of programs reviewed in this systematic review disregarded potential factors 
for increased knee valgus. Recent research demonstrated significant influence of ankle 
dorsiflexion angle on frontal plane knee kinematics. Sigward et al.
80
 demonstrated passive 
ankle dorsiflexion range of motion as a strong predictor of increased knee valgus angle in 
adolescent soccer player during a drop-land task. Bell et al.
63
 and Rabin et al.
68
 demonstrated 
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that those who showed great medial knee displacement during an overhead squat
63
 and lateral 
step down
68
 had less ankle dorsiflexion range of motion compared to the those who did not 
displace their knee medially. Furthermore, a study by Lim et al.
88
 reported 5 degrees greater 
ankle dorsiflexion range of motion in the experimental group compared to the control group, 
along with improvement in knee separation distance following intervention compared to the 
control group. These results indicate increased dorsiflexion potentially influence knee 
separation distance in a study by Lim et al.  However, less than a half exercise program 
regardless the successful or unsuccessful included flexibility exercise in the program. 
Including flexibility exercises focusing on ankle dorsiflexion may have benefic in improving 
frontal plane knee kinematics.  
Majority of study examined one or two tasks to evaluate if the improvement of the 
movement pattern following intervention. These tasks are often similar to the tasks 
repeatedly practiced during prevention training. Thus, we do not know if the improvement in 
a single task could be translated to other tasks.  Sports activity is comprised of various tasks, 
such as jump-landing, cutting, running. Furthermore, the task demand is different between 
unilateral and bilateral limb tasks. Examining the movement quality in multiple tasks is 
warranted to determine if the current program is appropriate to improve faulty movement 
patterns or further exercise program need to be added to achieve the better movement 
patterns in various tasks.  
 
Conclusion 
This systematic review revealed that effective knee injury prevention programs in 
improving knee valgus/abduction lasted for extended time (≥ 6 weeks). Participants were 
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provided with feedback about proper techniques before, during, and after performance of the 
selected exercises. Efficiency of the exercise would increase if the program comprised of 
multiple components and the participants were included based on the biomechanical 
characteristics, such as increased knee abduction moment, and greater knee valgus.   
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Table 1-A. Successful exercise programs classification and effect size 
Authors Variables Tasks ES 
Baldon Knee valgus angle SLS -1.23 
Barendrecht 
Absolute knee separation distance during landing (below 
average knee valgus) DJ 
 
  
Normalized knee separation distance during landing phase 
(below average knee valgus) DJ 
 
  
Absolute knee separation distance during landing (above 
average knee valgus)   
 
  
Normalized knee separation distance during landing phase 
(above average knee valgus)   
 Herrington 2-D Knee valgus angle DJ 
 Kato Maximal knee valgus angle Jump-shot -1.68 
Lim Minimal intra-knee distance Rebound jump 1.52 
  Maximal knee valgus moment Rebound jump -0.75 
Myer (2005) Maximal internal knee varus torque DVJ -3.80 
Myer (2006) Knee valgus angle at IC DVJ NA 
  Peak knee abduction angle  DVJ NA 
  Knee valgus angle at IC MDL NA 
  Peak knee abduction angle  MDL NA 
Myer (2007) Peak knee abduction moment (high risk) DVJ -0.44 
Noyes (2011) Absolute knee separation distance during landing phase DJ 0.72 
  Normalized knee separation distance during landing phase DJ 0.44 
Noyes (2012) Absolute knee separation distance during landing phase DJ 1.50 
  Normalized knee separation distance during landing phase DJ 1.63 
Noyes (2012) Absolute knee separation distance during landing phase DJ 1.75 
  Normalized knee separation distance during landing phase DJ 1.73 
Cochrane Peak valgus moment during weight acceptance (balance) Side stepping cut NA 
  Peak valgus moment during weight acceptance (balance) Cross over cut NA 
Myer (high 
risk 
dominant) Maximal knee abduction moment DVJ -0.44 
    DVJ -0.47 
Olson Peak knee abduction angle SLS -0.29 
  Peak frontal plane projection angle SLS 1.20 
Snyder Knee valgus range of motion (displacement) Running 0.19 
  Knee valgus moment during stance phase Running -0.54 
 
SLS=single-leg squat, DJ=drop jump, DVJ=drop-vertical jump, MDL=medial-drop landing 
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Table 1-B. Successful and unsuccessful programs classification and effect size. 
Authors Variables Task ES 
Chappell Knee valgus angle at initial contact DVJ 0.28 
  Maximal knee valgus angle during stance phase   -0.12 
  knee valgus angle at initial contact Stop-Jump 0.23 
  Maximal knee valgus angle during stance phase   -0.17 
  Maximal knee valgus moment during stance pahse DVJ -0.10 
  Maximal knee valgus moment during stance pahse Stop-Jump -0.38 
Distefano Knee varus angle at initial contact 
Anticipated side 
cutting 
-0.25 
  Knee varus angle at initial contact -0.66 
  Knee varus angle during first 40% stance phase -0.36 
  Knee varus angle during first 40% stance phase -0.67 
  Knee varus moment during first 40% stance phase 0.07 
  Knee varus moment during first 40% stance phase 0.08 
Grandstrand Knee separation distance at pre-landing 
Jump-landing 
0.20 
  Knee separation distance at landing 0.73 
  Knee separation distance at toe-off 0.48 
Herman peak knee valgus angle (valgus (-), varus (+)) 
Stop Jump 
0.02 
  Peak knee valgus/varus moment 0.07 
Lephart Initial knee varus (-) angle 
Jump-Landing 
-0.33 
  peak knee varus (-) angle 0.12 
McCurdy Mean knee valgus angle Bilateral DJ 0.42 
  Maximal knee valgus angle  Bilateral DJ 0.26 
  Mean knee valgus angle Unilateral DJ -0.41 
  Maximal knee valgus angle  Unilateral DJ 0.11 
Myer  max knee abduction moment (low risk) 
DVJ 
0.29 
    0.03 
Nagano Valgus displacement during stance phase 
Single-limb drop-
landing 2.17 
Ortiz Peak knee valgus angle  Squat NA 
    DJ NA 
  Peak knee valgus moment Squat NA 
    DJ NA 
Pollard Peak knee valgus angle Drop landing -0.41 
 
DVJ=drop-vertical jump, DJ=drop-jump 
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Table 2-A. Schedule of the successful programs 
  Kinematics Kinetics Duration (min) Frequency (times per week) Length (week) 
Baldon Y   80.00 N/A 8 
Barendrecht Y   16.00 2 10 
Chappell* N Y 10-15 6 6 
Cochrane**   Y 30.00 3 12 
Herrington Y   15 3 4 
Kato Y   20 3# 4 
Lim Y N 20 N/A 8 
Myer 06*** Y   90 3 6 
Myer 06*** Y   90 3 6 
Myer 07   Y 90 3 7 
Noyes  Y   90-120 3 6 
Noyes  Y   90-120 3 6 
Noyes  Y   90-120 3 6 
Olsen Y   NA 3 4 
Snyder N Y NA 3 6 
 Mean   
 
59.8min 3.2 6.6 
Y=reported either kinetic or kinematic variable significantly improved at post- test. 
N=reported the variable but no significant improvement observed. 
 
  
70 
 
Table 2-B. Schedule of the unsuccessful programs 
  Kinematics Kinetics Duration (min) Frequency (times/ week) Period (week) 
Chappell N Y 10-15 6 6 
Cochrane   N 30 3 12 
Cochrane   N 30.00 3 12 
Distefano N N 12-14 2,3 9 
Distefano N N 12-14 2,3 9 
Grandstrand N   20 2 8 
Herman N N   3 9 
Lephart N N 30 3 8 
McCurdy N N NA 2 8 
Myer 05 N   90 3 6 
Nagano N N 20 3 5 
Ortiz N N 20-25 NA 6 
Pollard N   20 2,3   
  N Y   3 6 
 Mean     24.7 min 3.1 7.4 
Y=reported either kinetic or kinematic variable significantly improved at post- test. 
N=reported the variable but no significant improvement observed. 
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Table 3-A. Components of the successful programs 
   min/session Strength Flex Balance Plyo Agility Instruction 
Baldon 80 x   x     x 
Barendrecht 16 x   x x x   
Cochrane 30     x       
Cochrane 30 x            
Herrington 15 x     x   x 
Kato 20 x   x x   x 
Lim 20 x x x x x x 
Myer (06) 90 x   x     x 
Myer (06) 90 x     x   x 
Myer (07) 90 x x   x   x 
Noyes 90-120 x x   x x x 
Noyes 90-120 x x   x x x 
Noyes 90-120 x x   x x x 
Olsen NR x   x     x 
Snyder NR x         x 
    
13/14 
(87%) 
5/15 
(33%) 
7/15 
(47%) 
9/14 
(60%) 
5/15 
(33%) 
12/15 
(80%) 
Flex=flexibility exercise, Plyo=plyometric exercise 
Table 3-B. Components of the unsuccessful programs 
    Strength Flex Balance Plyo Agility Instruction 
Chappell 10-15 x   x x     
Cochrane 30 x   x       
Cochrane 30 x           
Distefano regular x x x x x x 
Distefano  kids x x x x x x 
Grandstrand   x x   x   x 
Herman NR x         nr 
Lephart   x x x x x x 
McCurdy NR x           
Myer 05   x x x x   x 
Nagano 20     x x   x 
Ortiz   x x x x     
                
Pollard   x x   x x x 
Donnelly  20     x       
    
12/14 
(86%) 
7/14 
(50%) 
8/14 
(57%) 
9/14 
(64%) 
4/14 
(29%) 5/14 (36%) 
Flex=flexibility exercise, Plyo=plyometric exercise 
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Table 4-A. Inclusion and Exclusion criteria for successful programs 
  
Age 
Type of 
sports 
Level 
of 
activity 
History 
of injury 
Sports 
Experience 
Training 
Experience 
Biomechanics 
and 
Anatomical 
Baldon 
  
x x 
  
x 
Barendrecht x x 
 
x 
   Cochrane 
 
x x x 
 
x 
 Herrington 
 
x 
 
x 
 
x 
 Kato 
 
x 
 
x 
   Lim x x 
 
x 
   Myer 05 
 
x x 
    Myer 06 
 
x x 
    Myer 07 
 
x 
    
x 
Noyes  11 x x x x 
   Noyes  12 x x 
 
x 
 
x 
 Noyes  x x 
  
x 
  Olsen x 
 
x x 
 
x x 
Snyder 
  
x x 
  
x 
 
 
Table 4-B Inclusion and Exclusion criteria unsuccessful programs 
  
Age 
Type of 
sports 
Level of 
activity 
History 
of injury 
Sports 
Experience 
Training 
Experience 
Biomechanics 
and 
Anatomical 
Study 
       Chappell 
 
x x 
    Cochrane 
 
x x x 
 
x 
 Distefano x x 
 
x 
   Donnelly  
 
x x 
    Grandstrand x x x 
    Herman x x x x x x 
 Lephart x x x x 
   McCurdy 
    
x 
  Myer 07 
 
x 
    
x 
Nagano 
 
x 
 
x 
   Ortiz 
   
x 
   Pollard 
 
x 
 
x 
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2.8 Summary of Literature Review and Potential PFP Prevention Program 
 Literature review revealed that PFP is multifactorial and addressing hip and knee 
frontal plane is essential for prevention. Potential risk factors for knee valgus are also 
multifactorial, including altered lower extremity muscle strength and restricted ROM of the  
and share similar muscle characteristics (muscle strength and ROMs) with potential risk 
factors for PFP. Collective evidence for potential risk factors for knee valgus suggests 
weakness and tightness of particular musculatures may lead to imbalanced activity between 
hip abductors and hip adductors, and medial thigh and lateral thigh may play a role for 
increased knee valgus, and as well as overactivity of the gastrocnemius, tibialis anterior, hip 
adductors, and underactivity of the medial hamstrings. Correcting these altered muscle 
activity through strengthening and stretching may be one of the important components to 
correct knee valgus. Additionally, several research studies demonstrated instruction and 
feedback about proper movement pattern while participants were performing functional tasks 
as an effective mean for movement re-education. The exercise program used in this study 
will include foam rolling exercise, static stretching, open-kinetic chain strengthening, and 
functional movement exercises. Static stretching and foam rolling exercises will be used to 
lengthen potentially overactive muscles (gastrocnemius, hip adductors, and lateral 
hamstrings) because overactive muscles might be tight. Both static stretching and foam roller 
exercises have been shown to be effective in increasing muscle length
196
 as well as altering 
muscle activity.
197
 Open-kinetic chain strengthening will be used to increase level of 
activation of GMED, GMAX, medial hamstrings. Plantar flexors will be strengthened using 
closed-kinetic chain exercise because closed-kinetic chain exercise seems to have better 
control activating calf muscles. Research suggests that open kinetic chain exercise can target 
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isolated muscle therefore has maximal ability to increase the activity of the targeted 
muscle.
198
 Functional exercise will be included to allow participants for learning correct 
movement patterns though dynamic tasks. Functional exercises also allow participants to use 
multiple muscle groups by using multiple segments and moving multiple directions.  
Participants will perform these exercises under the supervision of trained personnel, who can 
identify errors in the movement and correct them, which will increase the efficacy of this 
exercise program. 
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CHAPTER THREE 
METHODOLOGY 
3.1 Experimental Design 
A randomized controlled trial design was used to address research questions 1 
through 5. For research question 1, we assessed the effect of an integrated exercise protocol 
in individuals with medial knee displacement (MKD) on hip, knee, and ankle kinematics 
during a double-leg squat (DLS), single-leg squat (SLS), jump-landing (JL), and running 
tasks. This study also examined whether the participants could acquire new motor skill in 
both simple and complicated tasks. This study involved three sessions of testing (pre-test 
screening, baseline test, and post-training test) and a six-week exercise intervention, which 
took place at the Sports Medicine Research Laboratory in the Fetzer Hall. The experimental 
procedures are outlined in Figure 1. 
 
3.2 Participants 
Sample size estimates were performed for the variables of interests using previously 
published data
48,111
 and data collected in our laboratory. Variables included hip adduction 
and internal rotation, knee abduction and rotation, and medial knee displacement. These 
analyses revealed that 15 participants in each group will provide a statistical power of 0.8 for 
each of the dependent variables.  We estimate that 20% of participants may be lost to follow 
up over the course of intervention period; therefore, we recruited additional 20% of the 
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estimated sample size.  A total thirty-nine participants were included and randomly assigned 
to either the integrated exercise (INT=21) or the control (CON=18) groups. Random 
allocation was completed by random number generator (Office, Microsoft, Redmond, WA). 
Only female participants were recruited because females have higher risk of sustaining PFP 
and it is unclear it males and females responded to the exercise program differently.  
Including male participants would increase the variability that may occur as a result of sex 
difference.  
 
3.3 Inclusion and exclusion criteria 
Participants were recruited from the campus community using campus mass email 
service, fliers, and class recruitment. Participants were included if they met following 
criteria:  
1) Age between 18-28 years old.  
2) Presence of MKD during a DLS that was examined by principal investigator during 
screening session (Figure 2). 
3) Engaged in activities which require running and/or jumping for thirty minutes per day 
for three times a week.  
4) No ankle, knee, or hip injuries (sprains and strains) six month prior to the testing.  
Participants were excluded if they met one of the followings criteria:  
1) Presence of chronic conditions associated with previous injury (patellofemoral pain, 
patella tendinopathy, Osgood-Schlatter disease, medial tibial stress syndrome, 
achilles tendonitis, or plantar fasciitis), including the ankle and knee joint effusion, 
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instability at the ankle and/or knee, and the ankle, knee and low back pain within six-
months prior to participation in the study.  
2) History of lower extremity ligamentous tear, fractures, dislocations, surgeries, 
arthroscopy, or known vestibular problems that might affect balance ability. 
3) Participated in motion correction program prior to participation in the study. 
4) Use of shoe insole to correct posture. 
5) Presence of excessive femoral antetorsion, external tibial torsion, or forefoot varus 
assessed by the primary investigator during screening session.   
All participants read and signed an informed consent form approved by the University of 
North Carolina at Chapel Hill Biomedical Institutional review Board.  
 
3.3 Instrumentations 
3.3.1 Three-Dimensional Motion Capture System 
A seven camera infrared optical motion capture system (Vicon MX Camera, Vicon 
Motion Systems, Los Angeles, California) integrated with Vicon Nexus v1.3 (Vicon Motion 
Systems, Ltd, Centennial, CO) was used to capture the trajectories from the markers worn by 
the participant to calculate joint angles during functional tasks at a sampling frequency of 
120 Hz.   
3.3.2 Force plate 
Two force plates (4060-08, Bertec Corporation, Columbus, Ohio, USA) were used to 
collect ground reaction forces during functional tasks.  Force plate data were collected 
synchronously with the kinematic data at a sampling frequency of 1200 Hz.   
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3.3.3 Dynamometer 
A dynamometer (IsoForceControl®EVO2, MDS Medical Devise Solutions AG, 
Oberburg, Switzerland) was used to collect peak isometric muscle strength values for the hip 
and thigh muscles.   
3.3.4 Digital inclinometer and standard goniometer 
A Digital inclinometer (BASELINE® Digital inclinometer 12-1057, Fabrication 
Enterprises Inc., White Plane, NY) and standard goniometer were used to measure lower 
extremity joint range of motions, forefoot varus, external tibial torsion, and femoral 
antetorsion. 
 
3.4 Reliability test 
3.4.1 Bony deformity measurements 
The interrater reliability was established between the primary investigator and a 
physical therapist with thirty-two years of experience by measuring eleven participants 
(males=5, females=6) two times with thirty-minute interval. The intraclass correlation 
coefficient [ICC (2,1)] of the single measurement, mean absolute error difference (MAE),  
and standard deviation (SD) were computed using the first measurements of each rater to 
establish between rater reliability and precision. The ICC values for each measurement were 
low to moderate, ranging from 0.22 to 0.69 with a MAE ranging from 2.0 to 5.2 degrees. The 
ICC values were low due to small sample size and lack of variability SD (1.76-8.55) across 
subjects; however the MAE is relatively small. The MAE values were used to determine the 
cutoff angles for inclusion and exclusion criteria. This was performed by adding the mean 
angle reported in the previous research.
199-201
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The intrarater reliability of each measurement of each rater was established using the 
first and second values. The intraclass correlation coefficient [ICC (3,1)], MAE and SD were 
computed for each rater. Each rater’s intrarater reliability ranged from 0.57 to 0.77 and 0.63 
to 0.81, for the primary investigator and the physical therapist, respectively. MAE ranged 
from 1.1 to 5.7 degrees for the primary investigator and 1.5 to 3.1 degrees for the physical 
therapist. Interrater and intrarater reliability, MAE, and SD for each measurements are 
summarized in Table 1-a. 
3.4.2 Range of motion assessment 
 The between and within day intrarater reliability of the primary investigator for ROM 
assessments were established using a repeated measures. The primary investigator measured 
ROM three times in six females on two separate sessions with a three days interval between 
sessions. During the first session, the primary investigator assessed each ROM measure of 
three times on two occasions separated by thirty minutes interval for within day reliability 
computation. The ICC (3, k), and standard error of measurement (SEM) were computed 
using the average value across three measurements. The ICC (3, k) and SEM were calculated 
using the average value across three measurement of different sessions. Within day reliability 
ranges from 0.68 to 0.996 and between days reliability ranged from 0.73 to 0.98. Details are 
shown in Table 1-b.  
3.4.3 Muscle strength assessment 
The between day and within day intrarater reliability of the primary investigator for 
muscle strength measurements were established using a repeated measures. The primary 
investigator measured maximal voluntary isometric contraction (MVIC) of hip abductors, hip 
extensors, and hip external rotators, three times in six females on two separate sessions with 
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a three days interval between sessions. During the first session, the primary investigator 
assessed each MVIC measures two times on two occasions separated by thirty minutes 
intervals to establish within day reliability. The ICC (3, k) and SEM were computed using 
the average value across three measurements to establish within rater reliability. The ICC (3, 
k) and SEM values were calculated using the average value across three measurement of 
different sessions. Within day and between days reliability were shown to be high, ranging 
from 0.89 to 0.94 and 0.85 to 0.90, respectively. Details of reliability of MVIC are shown in 
Table 1-c.   
 
3.5 Procedures 
An overview of the testing is summarized in Figure 1. 
3.5.1 Screening 
Participants reported to the Sports Medicine Research Laboratory for screening. Prior 
to screening, participants read and sign an informed consent form approved by the 
university’s institutional review board.  Participants completed a general health and activity 
level questionnaire (Appendix 2) to ensure compliance the study’s inclusion and exclusion 
criteria. The participants were dressed in a t-shirt and shorts. During the screening session, 
the participants were assessed for the presence of medial knee displacement (MKD) during a 
double-leg squat (DLS) task (Figure 2).
63
 Two or more observation of MKD was considered 
as presence of MKD and those who presented with MKD proceeded to further assessment of 
femoral antetorsion, external tibial torsion, and forefoot varus. If the participant demonstrates 
at least one excessive angle of femoral antetorsion, external tibial torsion, or forefoot varus, 
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she will be excluded from the study. How we determine if an excessive angle exists will be 
described below. 
All measurements were assessed with bare feet. We assessed the dominant side if the 
participant demonstrated MKD bilaterally. If the participant demonstrated unilateral MKD, 
the side with MKD was assessed. The dominant leg was defined as the leg that would be 
used to kick a ball for a maximum distance.  
Medial knee displacement assessment  
The principal investigator performed a real-time assessment to identify  MKD while 
the participant performed  five consecutive DLS 
63
 and the middle three trials were evaluated. 
Medial knee displacement was defined as the center of the patella being medially displaced 
relative to the vertical line from the great toe when the knee was in maximal flexion. 
Participants were instructed to stand with their feet shoulder width apart, toes facing forward, 
arms being raised over the head, and elbows extended while performing the DLS task to 
seventy degrees knee flexion at a standardized velocity of sixty beat per minute (bpm) 
without lifting their heels off the ground.
63
 In order to minimize learning effect, the 
participants were not allowed to practice prior to squat performance.  
Forefoot varus evaluation 
Forefoot varus was measured using methods described in previous research.
171,199
 The 
primary investigator was position the participant’s thigh, leg and calcaneus in a neutral 
position while the participant lay prone on the treatment table. The research assistant assisted 
to maintain this position while the primary investigator placed the stationary arm of the 
standard goniometer along the metatarsal heads while the moving arm was aligned parallel 
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with the plantar aspect of the heel. The angle between the two arms was recorded (Figure 3-
a).  
To determine an excessive forefoot varus angle, we used data reported by Garbalosa 
et al.
199
 who measured forefoot varus angle on 234 feet using standard goniometer and 
reported mean angle as 7.2 ± 4.0 degrees. Excessive forefoot varus is defined as 1 SD above 
mean (11.2 degrees) and MAE (2.0 degrees) of the primary investigator was added to 
account for potential errors. As a result, excessive forefoot varus was defined as 13.3 degrees 
and above. Participants with an excessive forefoot varus angle were excluded from the study. 
External tibial torsion assessment 
External tibial torsion was assessed using the method described by Gross.
171
 The 
participant lay prone on the treatment table with her knee flexed 90 degree at the end of the 
treatment table. The primary investigator brought her ankle to a neutral position and placed 
the stationary arm of the standard goniometer along the imaginary line between the midpoint 
of the medial and lateral malleoli. The midpoint of each malleoli was marked with the 3 mm 
width tape prior to measurement. Moving arm of the standard goniometer was aligned with 
the horizontal line of the end of the table (Table 3-b). The angle between the two arms was 
recorded. 
An excessive external tibial torsion angle was determined using the data of Kwon et 
al.
201
 who used same method as described. Kwon et al. reported an average external tibial 
torsion angle of 33 ± 3.8 degrees.
201
 Excessive external tibial torsion angle was determined as 
1 SD above mean, which is 36.8 degrees.  To account for the primary investigator’s 
measurement error, MAE (5.2 degrees) was added. Therefore, participants with a tibial 
external torsion angle of 42 degrees or greater was defined as having an excessive external 
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tibial torsion angle.  Participants with excessive external tibial torsion were excluded from 
the study. 
Femoral antetorsion 
Femoral antetorsion was assessed using Craig’s test described by Magee172 and other 
researchers
171,200
 The participant was positioned prone on the treatment table with her knees 
off the end of the table. The primary investigator maintained the participant’s knee in 90 
degrees of flexion position by holding her distal leg with one hand while palpating the most 
prominent aspect of the lateral thigh, which was considered as the greater trochanter, with 
second and third fingers. The primary investigator rotated the hip internally and externally to 
find the greater trochanter be most neutral position where the most prominent part sit 
between the two fingers. While the research assistant maintained this position, the primary 
investigator placed the digital inclinometer at the mid-point of the line between the mid-point 
of the medial and lateral malleolus and mid-point of the medial and lateral femoral condyle 
to record the femoral antetorsion angle (Figure 3-c). Femoral antetorsion was assessed using 
a diagnostic ultrasound (M-Turbo, SonoSite Inc., Bothell, WA) using a method described by 
previous research as follows.
158,202
 The digital inclinometer was secured with the transducer. 
The participant lay on supine on the treatment table with the knee flexed 90 degrees over the 
end of the table and the leg was secured with the table leg with the strap. The transducer will 
be placed over the greater trochanter and superiorly and medially directed along the long axis 
of the head and neck to find the lateral portion of the head of the femur. Once the head of the 
femur was identified, the transducer was moved distally and laterally until the flat line (flat 
surface between the head and neck of the femur) appears in the monitor. The transducer was 
tilted to make this line horizontal, which was assured with using grid lines printed on a 
84 
 
transparent sheet placed over the monitor. This procedure was used to ensure the angle 
measured using aforementioned procedures (Figure 3-d). 
The excessive femoral antetorsion angle was determined using the data reported by 
Jonson et al
200
 who reported mean angle as 8.33 ±7.44 degrees. Excessive femoral 
anteversion was determined as 1 SD above mean (15.8 degrees) with MAE between the 
primary investigator and the physical therapist (4.8 degrees) to account for the primary 
investigator’s measurement error. As a result, excessive femoral antetorsion angle was 
determined as 20.6 degrees. Participants with excessive femoral antetorsion were excluded 
from our study. 
3.5.2 Baseline test 
Upon arrival, the participant’s weight and height were measured using a weight scale 
(Scale, DETECTO, Webb City, MO) and height scale (Perspective Enterprises, Portage, MI), 
respectively. The participant then completed a five-minute warm-up on a stationary bicycle 
and performed self-directed stretching until they felt comfortable and ready for the testing. 
The order of testing was as follows: range of motion (ROM) assessment, isometric muscle 
strength assessment, and motion analysis. During baseline testing, participants wore dark 
colored spandex (no-sleeve shirt and shorts). Range of motion, isometric muscle strength, 
and the DLS and SLS were measured with bare feet while the JL and running tasks were 
performed with participants personal running shoes.  
3.5.3 Range of motion assessment 
The following joint range of motion measures were assessed: ankle dorsiflexion, hip 
internal rotation (HIRROM), hip external rotation (HERROM), hip extension (HEXTROM), and 
hip abduction (HABROM) were measured in each subject using a standard goniometer or a 
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digital inclinometer (The Saunders Group, Chaska, MN). The order of ROM testing was 
randomized. Three trials were taken of each ROM assessment and the mean value were 
calculated and used for analyses. 
Ankle dorsiflexion range of motion 
Ankle dorsiflexion ROM was measured in three different ways: dorsiflexion with 
knee extended (DFKEROM), dorsiflexion with knee flexion (DFKFROM), and weight bearing 
(DFWBROM). Evaluation of DFKEROM was performed to assess for gastrocnemius muscle 
tightness while the participant lay in a supine position with her knee in full extension on the 
treatment table.
63
  The investigator placed the ankle in a subtalar neutral position and then 
passively pushed the foot into dorsiflexion until the point of first resistance.
63
 The stationary 
arm of the standard goniometer was placed along the line between the head of the fibula and 
the lateral malleolus while moving arm was placed along with the fifth metatarsal. Angle 
between these lines was recorded (Figure 4-a).   
DFKFROM was assessed for the soleus muscle tightness while the participant is in the 
supine position with the knee flexed. The foam roller was placed underneath the test-limb to 
allow her knee flexed approximately thirty degrees. The primary investigator placed the 
ankle in a subtalar neutral position and pushed the foot into dorsiflexion until the point of 
first resistance. The stationary arm of the standard goniometer was place along the line 
between the head of the fibula and the tip of the lateral malleolus while moving arm was 
placed along the fifth metatarsal. The angle between the two lines was recorded.  
DFWBROM was assessed with the participant in a lunge position with the foot of the 
side of testing being placed front while another foot was place behind.
68,203
  The great toe of 
the side of testing was aligned with a line marked on the floor. The line on the floor was 
86 
 
continuous with a line marked on the wall.  The participant was instructed to bring her knee 
toward the line on the wall until she felt the ankle no longer went into dorsiflexion without 
lifting the heel off the ground.  The investigator placed the top of the long base of the 
inclinometer on the tibial tuberosity to read the angle from the vertical line. The angle 
between the tibia and the vertical line was recorded.   
Hip extension range of motion 
Hip extension ROM was measured using modified Thomas test.
204
 Thomas test with 
knee flexed (HEXT-KFROM) was performed to assess the tightness of the rectus femoris 
while participant lay on supine at the edge of the treatment table with both hips and knees 
flexed while holding her knees to their chest.
204
 The primary investigator passively lowered 
the test-leg into extension by holding distal thigh with one hand while placing other hand on 
the anterior superior iliac spine (ASIS) of the ipsilateral side of the test-leg until  the primary 
investigator felt anterior rotation of the ASIS or resistance from the hip flexors, or the 
participant cannot maintain lumbar spine in a neutral position.
204
 The investigators ensured 
that lumbar spine was maintained in a neutral position and the knee is in 90-degree flexion 
during testing. Once the hip position has been determined, the research assistant assisted to 
hold this position. The primary investigator measured the angle by placing the fulcrum of the 
standard goniometer at the greater trochanter, the stationary arm along the lateral trunk, and 
the moving arm along the line between the greater trochanter and the lateral femoral 
epicondyle (Figure 4-d). Hip extension with knee extended ROM (HEXT-KEROM) was 
performed to assess the tightness of the psoas major in a same manner as the Thomas test 
with knee flexed except for the participant’s knee maintained extended during the 
measurement (Figure 4-e). 
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Hip range of motion 
Hip internal (HIRROM) and external rotation ROM (HERROM) was assessed using 
methods described in previous research.
63,68
 The participants were positioned prone on the 
treatment table with hip and knee flexed 90 degrees. The lower leg was passively rotated 
outward to assess hip internal rotation ROM until the point of first resistance to hip internal 
rotation by the primary investigator while the thigh was stabilized onto the table with a strap. 
The center of the digital inclinometer was placed at the half-distance of the line between the 
knee joint center and ankle joint center, and aligned to the long axis of the tibia and read the 
angle from the horizontal line of the treatment table (Figure 4-f). Hip external rotation was 
measured with the same manner as the hip internal rotation, except for the investigator 
rotating the lower leg inward until the point of first resistance to hip external rotation (Figure 
4-g). Hip abduction range of motion (HABROM) was measured with the subject supine, using 
methods described in previous research.
63,67
 The primary investigator placed one hand on the 
contralateral side of the anterior superior iliac supine (ASIS) while holding the test-limb with 
the other hand. The thigh was passively brought into abduction until the investigator felt 
resistance or the contralateral ASIS moved. The stationary arm of the goniometer was 
aligned with the line between right and left ASIS and the moving arm was aligned with the 
vertical line between the ASIS of the test-limb side and center of the patella. The angle 
between the two goniometer arms was recorded (Figure 4-h).  
Straight leg raises range of motion 
Straight leg raise range of motion (SLRROM) was assessed by using methods 
described by Magee.
172
 The participant lay supine with both knees extended. The primary 
investigator brought the test limb into hip flexion until the investigator felt first resistance 
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while kept the other leg flat on the table. The top of the digital inclinometer was placed at the 
tibial tuberosity and angle between the vertical line from the ground and the tibia was 
recorded (Figure 4-i).   
3.5.4 Isometric muscle strength assessment 
Isometric muscle strength during contraction of the hip abductors, hip extensors, and 
hip external rotators will be assessed using a handheld dynamometer 
(IsoForceControl®EVO2, MDS Medical Devise Solutions AG, Oberburg, Switzerland).
38,56
 
This dynamometer was measure the muscle force output. The unit was anchored to the 
ground or the wall using a strap with a sanction cup. The dynamometer was aligned 
perpendicular to the segment and in line with the strap. Once the sanction cup was anchored 
to the flat surface, it can tolerate up to 400N. Muscle force was collected three times with one 
minute rest between trials. The order of testing was hip abduction for the GMED, hip 
extension for the gluteus maximus (GMAX), and hip external rotators (HER).The 
participants performed three trials with one minute rest between the trials following a 
practice trial.  
Hip abduction strength 
Hip abduction strength was measured using previously used methods. 
30,31,38,56
 The 
participant was in the side-lying position on the non-testing limb as her knees were 
positioned off the edge of the treatment table. A Strap was placed around the pelvis to 
stabilize the pelvis on the treatment table and the participant was instructed to abduct test-
limb to 0 degrees.  Once the position is set, a rolled towel or pillow was placed between the 
thighs to maintain this position and another strap which was connected with the 
dynamometer was placed at the lateral femoral condyle. The dynamometer was anchored at 
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the ground so that the dynamometer is aligned with the vertical line from the lateral femoral 
epicondyle. The participant was instructed to point her toes forward and avoid flexing hip 
and externally rotating the hip as she moved into hip abduction. This position was believed to 
target the gluteus medius muscle. The subject was asked to pull against the strap with her 
maximal effort for 5 seconds (Figure 5-a).   
Hip extension strength 
Hip extension strength was measured using methods described in previous research 
with some modifications.
205
 The participant lay prone on the treatment table with her knees 
off the table. The subject’s pelvis was stabilized in a neutral position with a strap placed just 
proximal to the iliac crest. Another strap, which was connected with the dynamometer, was 
placed at the line between medial and lateral femoral condyles. The dynamometer was 
anchored to the floor so that the dynamometer was placed vertical to the midpoint of the line 
between the medial and lateral femoral condyles. Participants were instructed to flex her knee 
to 90 degrees and extend her hip against the strap with maximal effort without lifting the 
pelvis off the treatment table for five seconds (Figure 5-b). 
Hip external rotation strength 
Hip external rotation strength was measured in a prone position with knee flexed 90 
degrees. The pelvis and thigh were stabilized with a strap just proximal to the iliac crest and 
the mid-thigh, respectively. Another strap with the dynamometer will be placed at her ankle 
of the test-limb while the dynamometer was anchored to the wall. The participants were 
instructed to pull the strap by externally rotating the hip with her maximal effort for five 
seconds. Participants were instructed to keep their knees at ninety-degree flexion, not to 
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move their thighs into adduction in order to get good external rotation isolated pull during 
measurement (Figure 5-c) 
3.5.5 Three Dimensional (3-D) motion analysis 
Retroreflective markers were attached to the spinous process of the seventh cervical 
spine and between fourth and fifth lumbar vertebrae, and bilateral acromion process, ASIS, 
posterior superior iliac spine, greater trochanter, anterior thigh, medial and lateral 
epicondyles of the femur, anterior shank, medial and lateral malleoli, calcaneus, and 1
st
 and 
5
th
 metatarsal head. Two additional retroreflective markers were attached on the sacrum as a 
cluster.  All markers were attached to the subject with double-sided carpet tape.   
The three dimensional videography was collected in each task. The Vicon motion 
capture system with seven infrared cameras was used to collect 3-D coordinates of reflective 
markers attached to the participant at a sampling rate of 120 Hz. Two Bertec force plates 
were used to collect ground reaction force at a sampling rate of 1200 Hz. The kinematic data 
and force plate data was time synchronized. Prior to data collection, the global axes were 
established with x-axis pointing forward, y-axis pointing to left, and z-axis pointing vertical. 
Segment axes were aligned with the global axis. Participants completed a static trial by 
standing in the middle of the calibration volume, facing the x-direction with arms abducted 
ninety-degrees.  After completion of the static trial, markers of the medial femoral 
epicondyles, medial malleoli, and bilateral ASIS were removed, and then participants 
performed DLS, SLS, JL, and running in a randomized order. Static trial was captured with 
bare feet for DLS and SLS tasks. For JL and running tasks, static trial will be captured with 
shoes on. The order of testing was randomized.  
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Double-leg squat 
  The DLS was assessed in a bare feet condition. The participant stood on the force 
plates with feet shoulder width apart, each foot contacting on each force plate, toes facing 
forward, arms extended over the head,
63
 and both knees fully extended. The participant 
descent into their preferred knee flexion angle without lifting heels off the ground and then 
returned to the initial upright posture with their preferred speed while maintaining her arms 
as vertical as they could (Figure 6-a). This procedure was repeated for five consecutive times. 
Performance was not counted if the heel was lifted off the ground and the participant was 
asked to perform again.   
 Single-leg squat 
 The SLS was assessed in a barefoot condition. At the beginning of the test, the 
participant stood on the force plate with her test-limb with the knee fully extended while 
placing her hands on her hips. Participants then descent into their preferred knee flexion 
angle and then returned to the upright posture with their preferred speed (Figure 6-b). These 
procedures were repeated for five consecutive times. The performance was defined as failure 
if the participant 1) made touchdown during performance, 2) lost balance or could not keep 
the hands on her hips, or 3) could not perform with the set velocity. If these errors were 
detected, the participants were asked to perform the task again.  
 Jump-landing 
JL task was assessed with shoes on. The participants stood on the 30-cm high box that 
was set 50% of participant’s height from the force plate. The participant then jumped off the 
box, landing on the force plates with each leg contacting each force plate, followed by an 
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immediate vertical jump as high as possible. The participant performed this task for 3 times. 
Practice trial was allowed as many as the participant feels comfortable.   
 Running task 
The running task was assessed with participants’ personal shoes on. During the 
running task the participant ran at their self-selected velocity down the 13m runway until 
striking the forceplate with the foot of their test leg. The participant’s self-selected running 
velocity was recorded with digital timing system (SPARQ XLR 8, NIKE Inc, Beverton, OR, 
USA) during a series of practice trials. During testing the participant performed 5 running 
trials at a running velocity within ±5% of the average running velocity recorded during their 
practice trials.  A trial was repeated if the participant’s foot was not completely on the 
forceplate during foot strike or their running velocity was 5% above or below their pre-
determined running velocity. Participants ran at the same velocity during the post-training 
test sessions. 
3.5.6 Exercise intervention 
All participants were randomly assigned to either the one of two groups (integrated 
exercise = INT or control = CON groups), using random number generator, on a completion 
of a baseline-test.  This process was completed by the primary investigator. All research 
assistants for the data-collection were asked to leave the room to ensure they are blinded.  
Integrated exercise group reported to the Sports Medicine Research Laboratory for a 
total18 training sessions, 3 sessions per week for 6 weeks. Each session was separated by at 
least 48 hours. We chose 6 week as duration of this program to follow the previous knee 
injury prevention exercise that had positive effect on knee kinematics, which are similar to 
our interest.
95,111
 Each participant in the INT group was be assigned to the research assistant 
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for training. The research assistant presented each session to provide the instructions and 
supervision to the participant’s training.  To ensure the proper exercise training, the primary 
investigator met the INT group during performing exercise training with the research 
assistant. Participants in the INT group were required to complete minimal fifteen sessions, 
which is 80% of total sessions. Exercise session was terminated if the participant did not 
complete at least fifteen sessions of training during six weeks or two sessions of training per 
week. The control group did not receive any exercise training during intervention period. 
Both groups were instructed to maintain their level of activity at their participation of their 
baseline testing throughout the intervention session.  
The exercise program was based on our previous research, including self-myofascial 
release, self-static stretching , muscle strength, and integrated functional exercises.
206
  
Restricted fascia has been suggested to decrease flexibility, mobility, and muscle strength,
207
 
thus it is important to perform these exercises in this order for efficacy of the exercise 
program.
208
  Self-myofascial release was performed using the foam roller to decrease trigger 
point and lengthen muscle fibers, which allows increasing restricted motions at the joint. 
196
   
The participants placed the tight muscle groups on the foam roller and were instructed 
to place as much of her body mass as possible while they rolled the foam roller proximal to 
distal and vice versa for two minutes. Once tender sport was identified, the participants place 
the pressure at the tender spot for 30 seconds. Muscles and structure treated included 
gastrocnemius and soleus, hip adductors, iliotibial band (IT-band) and lateral hamstrings 
(Appendix 3-1).  
 Static stretch exercise program was performed to increase possible ROM at a joint by 
holding the joint for 30 seconds.
209
 The gastrocnemius was stretched in a same manner as the 
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weight bearing ankle ROM described previous section. The soleus was stretched in the same 
manner as the weight bearing ankle ROM except the knee being flexed. The static stretch for 
the adductor muscle group was performed with side-lunge position while both feet face 
forward during stretching (Appendix 3-2). Finally, the IT-band stretch was performed with 
standing position.
210
  The limb treated was extended and adducted across the other limb, and 
the arm was raised overhead and brought into away from the stretched limb.
210
 The subject 
then exhaled while performed lateral trunk flexion in a direction to opposite side of treated 
limb.
210
 Each position was held for 30 seconds and was repeated for 2 times. 
Muscle strength exercise was performed using open-kinetic chain, which targeted and 
activate the specific muscle group, including hip abductors, extensors, and external rotators, 
foot inverters (Appendix 3-3). Resistance was provided via a TheraBand.  The participants 
were instructed to pull the TheraBand to 100% (2 times as long as original length) during 
performance to maintain resistance placed on the subject’s limb. Once the participants were 
able to reach the target repetition with proper form and proper speed, difficulty of exercise 
was progressed by increasing resistance, sets, or repetitions.
107
 Integrated functional exercise 
was focused on lower extremity movement and included mutiplane exercises (Appendix 3-4). 
Research assistant presented each training session to supervise the exercise and provide 
proper techniques during performance. Two faulty movement patterns were our focus, which 
are frontal plane knee and toe positions. Once these errors were identified, research assistant 
provided verbal instructions, such as “keep your toes facing forward” or “keep your knees 
over the toes”.88 The research assistant demonstrated proper technique along with 
instructions prior to the first and second set of each exercise. During the first 3 weeks of 
intervention, proper technique was stressed every time the participant demonstrates the faulty 
95 
 
movement.
110
 During the last 3 weeks, instruction was provided before the each set of 
exercises to reduce the number of feedbacks to the participant.
110
  During the performance 
the participants received immediate feedback only when they performed without errors to 
reinforce the good performance. The exercise was progressed every three sessions by 
increasing the number of repetitions or sets, and difficulty of the exercise with changing the 
body position or surface. The exercise remained same difficulty if the participant will not be 
able to perform the exercise with proper form.  
3.5.8 Post-training test 
The participants returned for post-training testing on a completion of exercise training.  
The intervention group was scheduled for post-training test within 1 day from the last session 
of the training. The control group was scheduled for post-training test in 6 weeks from their 
baseline test. All participants went through same procedures as the baseline test. 
3.6 Data processing and reduction 
Three-dimensional joint coordinates were estimated from the trajectories of the 
reflective markers. All kinematic and kinetic data was exported into the Motion Monitor 
Software (Innovative Sports Training Inc. Chicago, IL) to process and reduce data. 
Kinematic data was filtered via fourth order Butterworth filter, zero phase lag, with a low-
pass filter with 8 Hz.
186,211
  Ground reaction force was not filtered.  
The joint center of the ankle was estimated as a midpoint between medial and lateral 
malleolus.  The joint center of the knee was estimated as a midpoint between medial and 
lateral femoral condyles.  The joint center of the hip was estimated from right and left ASIS 
markers, using Bell method.
212
 The Joint angle for the hip, knee, and ankle was calculated 
using Euler angle joint coordination with right hand rule.  The rotation sequence for these 
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joints is Y-axis (flexion-extension), X-axis (abduction-adduction), Z-axis (internal-external 
rotation). The Y-axis corresponds to flexion (+) /extension (-), the X-axis corresponds to 
adduction (+) / abduction (-), the Z-axis corresponds to internal rotation (+) / external 
rotation (-).  The hip joint angle was determined using pelvis and thigh segments. The knee 
joint angle was determined using thigh segment and shank segment, and the ankle joint angle 
was determined using shank and foot segment.   
Filtered data were transported into a customized MATLAB program (MathWorks, 
Natick, MA) to identify joint angles. Joint angles at the initiation of  the DLS and SLS tasks, 
initial contact for JL and running, peak joint angles and joint displacement for the sagittal, 
frontal, and transverse plane hip and knee kinematics and ankle dorsiflexion, as well as 
frontal plane projection angle (FPPA) as a two-dimensional frontal plane knee alignment 
were calculated for all tasks. These joint angles were calculated during the descent phase of 
the DLS and SLS (minimal knee flexion to maximal knee flexion) and the stance phase 
defined as the time period from initial ground contact (vertical ground reaction force 
exceeded 10N) to toe off (ground reaction force dropped below 10N).  
For the DLS and SLS tasks, kinematic data were assessed during descending phase. 
Descending phase was defined as the period from maximal knee extension to maximal knee 
flexion. Initial joint angle was defined as the angle at the time of maximal knee extension. 
Peak joint angle was defined as the maximal joint angle during the descending phase of the 
single-leg squat. Joint displacement was calculated by subtracting the initial joint angle from 
the peak joint angle [Displacement = peak joint angle – initial joint angle]. Middle three out 
of five trials were assessed. 
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Kinematics during the JL and running tasks was assessed during stance phase. Stance 
phase was defined as the time period from IC to toe-off.  Initial contact was defined as the 
time point when the ground reaction force exceeded 10N  and toe-off was defined as the 
ground reaction force dropped below 10N.
111
 Initial joint angle was assessed at IC. Joint 
displacement was calculated by subtracting initial joint angle from peak joint angle during 
the stance phase. The values were averaged across five trials.  
Net joint moment was calculated using inverse dynamic analysis and reported as an 
internal joint moment of peak knee varus and knee valgus across the tasks.
56
 Internal moment 
was normalized to the product of participant’s body mass and height.  
Joint range of motion was averaged across the trials.  Isometric muscle strength in 
each muscle group was normalized to the body mass (N/kg) and averaged for each muscle 
group.  
Change scores were calculated for each dependent variable by subtracting baseline 
value from post-training value (Change score = Post-training – Baseline). 
3.7 Statistical Analyses 
 SPSS (ver.19 IBM Corporation, Somers, NY) was used for following analyses with 
an a priori level of significance set at below 0.05.  
 
Research question 1.  
Separate independent t-test was performed to compare the change scores of each 
dependent variable (ROM and muscle strength) between the INT and CON groups.  
 
 
98 
 
Research question 2-5. 
Separate independent t-test was performed to compare differences in change scores of 
each kinematic variable between the CON and INT groups. These analyses were performed 
to observe change score differences without accounting for bony alignment. Pearson Product 
moment correlations were performed to evaluate significant relationships between each of 
the bony alignment (forefoot varus, external tibial torsion, and femoral antetorsion) and 
change scores of the kinematic variables. If significant correlations were identified, these 
variables were used as covariates and separate analysis of covariance (ANCOVA) was 
performed to compare the difference in change scores of each kinematic variable between the 
groups. Separate independent t-test was performed to compare difference in change scores of 
each kinetic variables between the groups.   
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CHAPTER FOUR 
SUMMARY OF RESULTS 
4.1 Introduction 
 The purpose of this chapter is to provide a summary of the results for each research 
question.  This includes hip, knee, and ankle kinematics and frontal plane knee moment. 
Detailed discussion for kinematics for all research questions is provided in manuscripts 
attached as appendices. Manuscript 1 will address research questions 1, 3, and 5 (Appendix 
4), and Manuscript 2 will address Research questions 2 and 4 (Appendix 5). 
 
4.2 Overview and Participant demographics 
Thirty-nine females participated in the study and were randomly assigned to either the 
integrated exercise group (INT) or control (CON) group. Three participants in the INT group 
were withdrawn because they did not complete sufficient training sessions (minimum 15 
sessions). One participant in the CON group was disqualified for post-training test due to 
injury. Three participants in the CON group did not return for post-training test due to 
attrition. Therefore a total 32 participants completed testing protocol (INT=17, Age = 
20.95±3.10 yrs , Ht = 161.13±5.00 cm, Mass = 63.65 ± 8.42 Kg, CON=15, Age=20.83±3.01, 
Ht = 162.32 ± 7.77 cm, Mass = 64.91 ± 18.86 Kg).  Two biomechanical data were excluded 
from the analyses due to systematic errors (INT=2). Therefore, a total thirty data were used 
for analyses. To be included in the study, participants had to satisfy following criteria: 
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between 18-28 years old, presence of medial knee displacement (MKD) during a double-leg 
squat task, engaged in activities for thirty minutes per day for three times a week, no lower 
extremity injuries (sprain or strain) within six months prior to the testing. Exclusion criteria 
included presence of chronic conditions associated with previous injury, including the ankle 
and knee joint effusion, instability at the ankle and/or knee, and the ankle, knee and low back 
pain within six-months prior to participation in the study, history of lower extremity 
ligamentous tear, fractures, dislocations, surgeries, and/or arthroscopy, and/or presence of at 
least one of the excessive bony alignments of femoral antetorsion (>20.6º), external tibial 
torsion (>42.0°), and forefoot varus (>13.2º).  However there were no individuals excluded 
from this study due to these criteria. All dependent variables were assessed on the dominant 
limb which was defined as the leg that would be used to kick a ball for a maximum distance. 
Participants of the two groups were similar in height, age, and bony alignments (p > 
0.05), however, mass was significantly greater in the CON group compared to the INT group 
(p = 0.025). Descriptive data for the each group are presented in Table 2.  
 
4.3 Results 
 Significant relationships were identified during each task (p<0.05). For the DLS, 
greater external tibial torsion was correlated with increased peak hip adduction, knee valgus 
at start, peak knee valgus, peak FPPA-max, and FPPA-max displacement. For the SLS, 
greater forefoot varus was correlated with increased peak knee external rotation and peak 
FPPA. Greater external tibial torsion was correlated with increased FPPA-max at start and 
peak knee valgus. Greater femoral antetorsion was also correlated with increased peak knee 
external rotation. For the JL, no significant correlations were identified. Lastly, during the 
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running task, greater external tibial torsion was correlated with increased peak knee valgus, 
peak knee external rotation, knee external rotation displacement, and decreased knee internal 
rotation displacement. Greater femoral antetorsion was correlated with increased peak hip 
internal rotation at initial contact, and hip adduction displacement. These results indicate that 
bony alignment abnormalities had an adverse influence on change scores of kinematic 
variables, and influence of bony alignment abnormalities was specific to the tasks. Since 
bony alignment had an influence on the changes in kinematics during tested tasks, all three 
bony alignment measures were entered into ANCOVA model as covariates.  Correlations 
between the change scores of each kinematics and each of the bony alignment measures are 
presented in Appendix 3. Independent t-test demonstrated some significant differences while 
more significant differences were observed when dependent variables were adjusted for bony 
alignment. Results of each task will be discussed following sections. 
4.3.1 Research Question 1 
 The purpose of this research question was to compare the magnitude of change in 
lower extremity ROM and MVIC between the INT and CON groups. INT group 
demonstrated significantly greater change in DFKEROM (p< 0.02) compared to the CON 
group. No other significant differences were observed for ROM values. There were no 
significant differences in the MVIC change scores between groups. Based on these findings, 
only DFKEROM was improved following in INT intervention.  Means, standard deviations, 
95% confidence intervals of the baseline and post-training values and change scores, effect 
size (Cohen’s d) and p-values for ROM and MVIC are presented in the Table 3 and 4, 
respectively. 
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4.3.2 Research Question 2 
 The purpose of this research question was to examine the effects of an integrated 
exercise training program on lower extremity biomechanics during a double-leg squat task 
while accounting for lower extremity bony alignment. The magnitude of changes in 
kinematics at the beginning of the task, peak, and displacement, and peak frontal plane knee 
moment during the descent phase were compared between the INT and CON groups.  
Independent t-tests demonstrated no significant difference between the groups. 
ANCOVAs demonstrated a significant difference in the change score of hip adduction 
displacement (p = 0.04). The CON group demonstrated significantly greater reduction in hip 
adduction displacement (-1.34º) compared to the INT group while INT group demonstrated a 
small increase (0.4º).  Therefore, this significant difference is due to the change occurred in 
the CON group. There were no significant differences in the change in knee varus or knee 
valgus moment (p> 0.05). This result indicates that the INT group did not change the 
biomechanics following the intervention. Descriptive statistics for all kinematic dependent 
variables analyzed for Research Question 2 are presented in Tables 5-7. Baseline and post-
training values are presented in Tables 8-10. 
4.3.3 Research Question 3 
 The purpose of this research question was to examine the effects of an integrated 
exercise training program on lower extremity biomechanics during a single-leg squat task. 
The magnitude of changes in kinematics at the beginning of the squat, peak, and 
displacement, and peak frontal plane knee moment during the descent phase were compared 
between the INT and CON groups. There was a significant difference in the change score of 
peak knee valgus (p = 0.04). The INT group demonstrated significantly greater reduction in 
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peak knee valgus angle compared to the INT group. No other significant differences were 
observed. There were no significant differences in the change in knee varus or knee valgus 
moment (p> 0.05). This result indicates that the INT group improved the frontal plane knee 
kinematics. Descriptive statistics for all dependent variables analyzed for Research Question 
3 are presented in Tables 11-13 Baseline and post-training values are presented in Tables 
14-16. 
4.3.4 Research Question 4 
The purpose of this research question was to examine the effects of an integrated 
exercise training program on lower extremity biomechanics during a jump-landing task. The 
magnitude of changes in kinematics at the time of initial contact, peak, and displacement, and 
peak frontal plane knee moment during the stance phase were compared between the INT 
and CON groups. Significant differences in the change scores of peak knee varus (p=0.04), 
peak knee valgus (p=0.019), and peak FPPA-max (p=0.011) were observed. The INT group 
demonstrated significantly greater increase in peak knee varus and decrease in peak knee 
valgus and peak FPPA-max, compared to the CON group. The INT group also demonstrated 
significantly greater increase in peak knee valgus moment (p=0.05). No other significant 
differences were observed. Based on these findings, the INT group improved frontal plane 
2D (FPPA) and 3D (knee valgus) kinematics. Descriptive statistics for all dependent 
variables analyzed for Research Question 4 are presented in Tables 17-19. Baseline and post-
training values are presented in Tables 20-22. 
4.3.5 Research Question 5 
The purpose of this research question was to examine the effects of an integrated 
exercise training program on lower extremity biomechanics during the running task. The 
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magnitude of changes in kinematics at the time of initial contact, peak, and displacement, and 
peak frontal plane knee moment during the stance phase were compared between the INT 
and CON groups. There were significant differences in hip internal rotation at initial contact 
(p=0.006), peak hip internal rotation (p=0.005), hip external rotation displacement (p=0.003), 
knee valgus at initial contact (p=0.02peak knee varus (p=0.014, and peak knee valgus 
(p=0.01The INT group demonstrated significantly greater change in hip external rotation 
displacement compared to the CON group, which indicated that the INT group improved hip 
external rotation displacement. However, the INT group demonstrated significantly greater 
increase in peak hip internal rotation, indicating the adverse change while the CON group 
demonstrated reduction. The change in hip internal rotation angle at initial contact decreased 
in the CON group while the INT group did not change. The INT group demonstrated greater 
reduction in knee valgus at initial contact and peak knee valgus, and increase in peak knee 
varus compared to the CON group. Based on the findings, the INT group improved frontal 
plane knee kinematics and hip external rotation displacement, but negatively changed peak 
hip internal rotation. Descriptive statistics for all dependent variables analyzed for Research 
Question 5 are presented in Tables 23-25. Baseline and post-training values are presented in 
Tables 26-28. All kinetic data for each research question are presented in Table 29. 
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CHAPTER FIVE 
DISCUSSION OF RESULTS 
5.1 Introduction 
 This chapter will provide a discussion of results not provided in the manuscripts 
(APPENDIX 4 and 5). Specifically, this includes peak frontal plane knee moment in the 
double-leg squat (DLS), single-leg squat (SLS), jump-landing (JL), and running (RUN), for 
the research question 2, 3, 4, and 5 respectively.  
 
5.2 Peak frontal plane knee moment 
 Primary findings of investigation of peak knee valgus and varus moment was that the 
INT group demonstrated greater reduction in peak knee valgus moment during the JL 
following the intervention, which was accompanied by improvement in peak frontal plane 
knee kinematics (peak knee varus and knee valgus angles, and frontal plane projection angle 
(FPPA)). This study is unique in that we investigated females with MKD that is known as 
high risk movement. 
 Myer et al.
45
 investigated high school basketball players during pre-season and 
demonstrated that those who went on develop PFP displayed greater external knee valgus 
moment during a landing task. Direct comparison is not available as we examined internal 
moment and they examined external moment. However, decreased internal knee valgus 
moment indicates a reduction of valgus force acting on the knee joint. This reduction could 
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maintain the frontal plane knee position less valgus during the JL, which eventually decrease 
knee valgus alignment known as a risk movement for PFP development,
21,23,47
 potentially 
decrease risk of PFP. 
Contrary to our hypotheses we did not observe any improvement in frontal plane knee 
moment in the DLS, SLS, or running tasks.  Our study is also different from previous study 
in three aspects that displayed improvement in knee valgus moment following exercise 
intervention.
95,213,214
 First, lack of improvement in knee valgus moment may be due to lack of 
improvement in hip kinematics in our participants. McLean et al.
214
 demonstrated that greater 
knee valgus moment is associated with greater hip flexion, hip internal rotation, and knee 
valgus angle at the time of initial contact during cutting maneuvers. Sigward et al.
213
 also 
demonstrated increased hip adduction and increased hip internal rotation angles as 
predictives of greater peak knee valgus moment. Given that participants in our study 
primarily improved knee valgus angles but the magnitude of change is small, this change 
may not be great enough to improve knee valgus moment.  Second, previous study 
demonstrated decreased knee valgus moment during the running task was accompanied by 
significantly improved hip abduction and hip external rotation strength.
95
 This study did not 
teach proper movement patterns using functional exercises as we included in our exercise 
program. Perhaps strength in the hip abduction and external rotation may be the important 
component for knee valgus moment improvement. As we did not observe any improvement 
in hip abduction or hip external rotation strength, lack of improvement in peak knee 
abduction is not surprising.  Finally, our study is different from a study of Myer et al.
89
 who 
controlled for baseline knee valgus moment during a landing task while we did not. Their 
study included individuals with high knee valgus moment and low knee valgus moment. 
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Individuals with high knee valgus moment were able to reduce knee valgus moment 
following an intervention compared to individuals with lower knee valgus moment. Perhaps 
the baseline knee valgus moment in our study may not be great enough to show reduction 
following the intervention. Controlling for baseline kinetics may be beneficial for greater 
improvement.   
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Table 1. Reliability 
Table 1-a. Inter and Intrarater reliability for the bony alignment measures  
Variables 
Intrarater 
reliability 
(ICC3,1) 
Interrater 
reliability 
(ICC2,1) 
MAE within rater 
(degree) 
MAE between raters 
(degree) 
Forefoot varus 
    Rater 1 0.74 0.48 (trial 1) 1.1±0.7 2.0±2.7 
Rater 2 0.81 0.67 (trial 2) 1.5±1.4 
 External tibial 
torsion 
    Rater 1 0.77 0.51 (trial 1) 2.4±1.1 5.2±2.8 
Rater 2 0.67 0.69 (trial 2) 3.1±3.5 
 Femoral 
antetorsion 
    Rater 1 0.57 0.22 (trial 1) 5.7±5.4 4.8±6.02 
Rater 2 0.63 0.17 (trial 2) 1.9±2.4 
 MAE=mean absolute error, Rater 1= Primary investigator, rater 1= physical therapist 
 
Table 1-b Intrarater Reliability for ROM assessment 
  
ICC3,1  
W day 
MAE (degree) 
(Mean±SD) 
SEM 
(degree) 
ICC3,k  
BW days 
MAE (degree) 
(Mean±SD) 
SEM 
(degree) 
DFKE 0.88 1.5±1.5 1.06 0.91 1.6±1.1 0.93 
DFKF 0.81 3.3±2.6 2.13 0.93 2.1±1.1 1.20 
DFWB 0.9 1.7±1.3 0.99 0.89 1.6±1.1 0.94 
T_KF 0.68 2.3±1.4 1.48 0.73 2.4±1 1.44 
T_KE 0.96 1.8±1.5 1.13 0.97 1.8±1.2 0.96 
KEXT 0.99 3.2±2.5 0.80 0.94 3±2.1 1.77 
HIR 0.88 4.1±4.9 3.16 0.95 3.4±2.9 2.15 
HER 0.96 1.5±1 0.92 0.93 1.6±1.7 1.10 
HAB 0.95 3.5±2.2 2.12 0.98 2.3±1.1 1.34 
DFKE= dorsiflexion with knee extended, DFKF= dorsiflexion with knee flexed, DFWB= dorsiflexion 
with weight bearing, T_KF = Thomas test with knee flexed, T_KE= Thomas test with knee extended, 
KEXT= knee extension, HIR= hip internal rotation, HER= hip external rotation, HAB= hip abduction, W 
Day = within day, MAE= mean absolute error difference, SD = standard deviation, BW days = 
between days. 
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Table 1-c. Intrarater reliability for the MVICs assessment 
 
  
ICC(3,1)  
W day 
MAE (Kg) 
(Mean±SD) 
SEM (Kg) 
ICC(3,k)  
BW days 
MAE (Kg) 
(Mean±SD) 
SEM (Kg) 
Hip abduction 0.94 1.9±1.6 1.15 0.85 2.7±2.4 1.7 
Hip extension 0.89 3.5±3.2 2.29 0.88 3.1±3.1 2.11 
Hip external rotation 0.90 1.0±1.4 0.79 0.90 1.1±1.0 0.73 
W Day = within day, MAE= mean absolute error difference, SD = standard deviation, SEM=standard 
error of measurement, BW days = between days. 
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Table  2. Subject demographics 
Variables INT (N=21) CON (N=18) p-value 
Age (year) 20.95 ± 3.10 20.83 ± 3.01 0.904 
Height (cm)* 167.13 ± 5.00 162.32 ± 7.77 0.025 
Mass (Kg) 63.65 ± 8.42 64.91 ± 18.86 0.783 
Forefoot varus 5.00± 3.05 5.98 ± 2.78 0.327 
External Tibial torsion 21.68 ± 4.71 22.04 ± 6.34 0.651 
Femoral antetorsion  19.19 ± 9.46 25.37 ± 9.58 0.053 
*indicates significant difference between the groups. 
 
  
  
 
1
1
1
 
Table 3. Range of motion change difference 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
DFKE* INT 5.63 ± 4.60 3.17, 8.08 6.85 ± 5.02 4.18, 9.53 1.23 ± 2.61* -0.16, 2.62 0.86 0.02 
 CON 4.88 ± 3.39 3.07, 6.68 3.50 ± 3.02 1.89, 5.11 -1.38 ± 3.41 -3.19, 0.44   
DFKF INT 14.81 ± 7.37 10.88, 18.74 15.19 ± 6.37 11.79, 18.85 0.38 ± 4.60 -2.07, 2.82 0.06 0.88 
 CON 14.59 ± 7.55 10.57, 18.62 14.69 ± 6.01 11.48, 17.89 0.09 ± 5.57 -2.88, 3.06   
DFWB INT 44.36 ± 6.52 40.89, 47.84 46.40 ± 6.49 42.94, 49.86 2.04 ± 4.16 -0.18, 4.25 0.03 0.94 
 CON 45.77 ± 8.34 41.33, 50.22 47.71 ± 7.40 43.77, 51.65 1.94 ± 3.20 0.23, 3.64   
SLR INT 79.73 ± 6.92 76.04, 83.42 79.88 ± 6.77 76.27, 83.49 0.15 ± 5.90 -2.99, 3.29 -0.06 0.87 
 CON 78.42 ± 8.27 74.01, 82.82 78.92 ± 6.00 75.72, 82.11 0.50 ± 6.18 -2.79, 3.79   
HIR INT 39.14 ± 10.65 33.47, 44.82 40.54 ± 11.02 34.67, 46.41 1.40 ± 7.53 -2.62, 5.41 0.10 0.78 
 CON 49.56 ± 10.48 43.98, 55.14 50.36 ± 10.29 44.87, 55.85 0.80 ± 3.79 -1.22, 2.82   
HER INT 36.48 ± 10.38 30.94, 42.01 42.00 ± 12.31 35.44, 48.56 5.52 ± 8.87# 0.79, 10.25 0.64 0.08 
 CON 37.75 ± 9.33 32.78, 42.72 37.86 ± 8.43 33.37, 42.35 0.11 ± 7.99 -4.15, 4.37   
HEXTKE INT 13.06 ± 9.55 7.97, 18315 13.22 ± 8.03 8.94, 17.50 0.16 ± 6.58 -3.34, 3.67 0.20 0.57 
 CON 15.60 ± 9.27 10.66, 20.54 14.37 ± 7.85 10.18, 18.55 -1.24 ± 7.25 -5.10, 2.63   
HEXTKF INT 9.43 ± 7.32 5.53, 13.34 9.22 ± 5.51 6.29, 12.16 -0.21 ± 8.68 -4.84, 4.41 0.23 0.53 
 CON 10.63 ± 9.05 5.80, 15.45 8.46 ± 7.90 4.25, 12.67 -2.17 ± 8.62 -6.76, 2.42   
HAB INT 37.50 ± 6.34 34.12, 40.88 40.33 ± 8.25 35.94, 44.73 2.83 ± 8.97 -1.95, 7.61 0.58 0.11 
 CON 38.73 ± 6.59 35.22, 6.59 37.21 ± 4.86 34.62, 39.80 -1.52 ± 5.77 -4.59, 1.55   
HAD INT 33.24 ± 8.91 28.49, 37.99 35.41 ± 8.78 30.73, 40.09 2.18 ± 9.26 -2.76, 7.11 0.52 0.15 
 CON 33.54 ± 8.77 28.87, 38.22 31.27 ± 5.03 28.59, 33.95 -2.27 ± 7.73 -6.39, 1.85   
*indicates significant difference between the groups. CI=confidence interval, TR=training, SD=standard diviation. 
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Table 4. Maximal voluntary isometric contraction change difference (N/Kg) 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Gluteus medius INT 3.19 ± 0.68 2.82, 3.55 3.51 ± 0.64 3.17, 3.86 0.34 ± 0.49# 0.07, 0.60 0.19 0.59 
 CON 3.39 ± 0.90 2.91, 3.87 3.60 ± 0.95 3.10, 4.11 0.20 ± 0.89 -0.28, 0.68   
Gluteus maximus INT 3.02 ± 0.69 2.65, 3.38 3.39 ± 0.72 3.00, 3.77 0.38 ± 0.83 -0.06, 0.82 -0.19 0.59 
 CON 3.21 ± 0.74 2.81, 3.60 3.76 ± 1.11 3.17, 4.35 0.56 ± 1.04 0.01, 1.11   
Hip external rotators INT 1.49 ± 0.23 1.36, 1.61 1.57 ± 0.23 1.45, 1.69 0.09 ± 0.25 -0.06, 0.39 -0.07 0.54 
 CON 1.41 ± 0.43 1.19, 1.64 1.58 ± 0.46 1.33, 1.82 0.16 ± 0.42 -0.05, 0.22   
CI=confidence interval, TR=training, SD=standard deviation. 
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Table 5. Hip kinematics change difference (Adjusted values) – Double-leg squat 
Task Variables Group Unadjusted Adjusted  95%CI Covariates F p-
value 

   Mean SD Mean SE  Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Double
-leg 
squat 
Start 
Hip flexion  INT 1.31  9.28 -0.82 2.99 -7.03, 5.39 0.002 0.997 -0.15 0.660 -0.52 0.045 0.62 0.440 0.03 
CON 0.97  9.22 2.38 2.53 -2.87, 7.63 
Hip adduction INT 0.21  3.73 0.21 0.92 -1.71, 2.13 0.21 0.320 0.01 0.913 0.01 0.876 0.007 0.936 0.00 
CON -0.61  3.66 0.11 0.78 -1.5, 1.73 
Hip internal 
rotation 
INT 1.94  4.40 1.37 1.28 -1.29, 4.03 -0.25 0.146 -0.12 0.427 -0.07 0.522 0.08 0.786 0.004 
CON -0.59  3.57 0.89 1.08 -1.36, 3.14 
Double
-leg 
squat 
Peak 
Hip flexion  INT -4.15  23.68 -6.29 5.94 -18.60, 6.02 -1.02 0.464 0.21 0.744 -0.81 0.122 3.22 0.086 0.13 
CON 7.11  10.78 8.59 5.25 -2.31, 19.48 
Hip adduction INT -0.98  4.90 -0.83 1.28 -3.49, 1.83 0.06 0.854 0.27 0.064 -0.02 0.882 0.10 0.752 0.004 
CON -0.02  3.04 -0.27 1.14 -2.62, 2.09 
Hip abduction INT -1.35  4.34 -1.37 1.08 -3.61, 0.87 -0.05 0.858 0.24 0.051 -0.09 0.323 1.69 0.208 0.07 
CON 0.64  3.24 0.58 0.96 -1.40, 2.57 
Hip internal  
rotation 
INT 3.48  7.04 2.55 2.20 -2.02, 7.11 -0.17 0.741 -0.20 0.400 0.14 0.476 1.09 0.309 0.05 
CON -0.46  7.36 -0.66 1.95 -4.70, 3.38 
Hip external 
rotation 
INT 0.79  4.68 0.92 1.22 -1.60, 3.44 -0.30 0.297 -0.01 0.934 -0.02 0.871 0.016 0.900 0.001 
CON 1.21  3.25 1.13 1.08 -1.60, 3.44 
Double
-leg 
squat 
DSP 
Hip flexion  INT -5.01  19.37 -5.33 5.26 -16.23, 5.56 -0.91 0.463 0.35 0.546 -0.25 0.586 2.83 0.137 0.10 
CON 6.15  10.74 5.99 4.65 -3.65, 15.64 
Hip adduction INT -0.95  3.40 -0.80 0.80 -2.44, 0.84 -0.16 0.391 0.23 0.012 -0.02 0.814 0.16 0.693 0.01 
CON -0.05  1.75 -0.36 0.70 -1.81, 1.09 
Hip abduction* INT -1.32  2.99 -1.34 0.60 -2.59, -0.09 -0.26 0.075 0.20 0.005 -0.09 0.085 4.76 0.040 0.18 
CON 0.60  2.25 0.49 0.53 -0.61, 1.60 
Hip internal  
rotation 
INT 2.55  7.79 1.30 2.39 -3.65, 6.26 0.01 0.985 -0.14 0.597 0.16 0.436 0.70 0.412 0.03 
CON -1.22  8.13 -1.49 2.11 -5.87, 2.90 
Hip external 
rotation 
INT -0.13  1.88 -0.33 0.46 -1.29, 0.64 -0.12 0.281 0.06 0.286 0.008 0.840 0.95 0.340 0.04 
CON 0.44  1.17 0.31 0.41 -0.55, 1.16 
*indicates significant difference. DSP=displacement, SD=standard deviations, SE=standard errors, CI=confidence interval,  regression coefficients, eta 
squared 
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Table 6. Knee kinematics change difference (Adjusted values) – Double-leg squat 
 
Task Variables Group Unadjusted Adjusted  
 
95%CI Covariates F p-
value 
h2 
   Mean SD Mean SE  Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Double-
leg 
squat 
Start 
Knee flexion  INT 0.19  2.73 0.70 1.72 -2.87, 4.28 0.27 0.481 -0.48 0.021 0.04 0.800 0.16 0.70 0.01 
CON 1.22  6.61 1.63 1.46 -1.40, 4.65 
Knee valgus INT 0.51  3.94 1.11 1.10 -1.17, 3.39 0.06 0.812 -0.32 0.015 0.17 0.071 0.19 0.672 0.009 
CON 0.63  3.35 0.47 0.93 -1.46, 2.40 
Knee internal 
rotation 
INT -3.03  8.26 -1.31 2.62 -6.75, 4.13 0.25 0.669 1.06 0.001 -0.09 0.683 0.004 0.950 0.00 
CON -1.09  10.60 -1.53 2.21 -6.13, 3.07 
FPPA INT -0.69  2.03 -0.48 0.74 -2.01, 1.05 -0.03 0.863 0.22 0.011 -0.06 0.366 0.355 0.557 0.02 
CON 0.25  3.00 0.14 0.65 -1.22, 1.49 
Double-
leg 
squat 
Peak 
Knee flexion  INT 5.13  22.11 6.01 5.57 -5.54, 17.57 0.16 0.902 -0.05 0.942 0.08 0.869 0.82 0.376 0.04 
CON -0.94  -7.54 -1.02 4.93 -11.25, 9.21 
Knee varus INT 2.80  7.47 1.59 2.32 -3.25, 6.43 -0.12 0.829 -0.17 0.497 0.21 0.307 1.14 0.297 0.05 
CON -1.48  8.24 -1.89 2.01 -6.17, 2.39 
Knee valgus INT -0.13  1.90 -0.20 0.66 -1.57, 1.17 -0.07 0.642 0.07 0.324 0.01 0.806 0.002 0.966 0.00 
CON -0.09  2.16 -0.24 0.59 -1.45, 0.97 
Knee internal 
rotation 
INT 1.24  5.30 0.89 1.63 -2.50, 4.28 -0.22 0.571 0.01 0.955 -0.24 0.102 0.12 0.729 0.01 
CON -0.44  5.36 0.09 1.45 -2.91, 3.09 
Knee external 
rotation 
INT 1.37  8.77 1.46 2.57 -3.88, 6.80 0.08 0.890 0.31 0.278 -0.30 0.180 0.00 0.987 0.00 
CON 0.91  7.93 1.40 2.28 -3.33, 6.12 
FPPA-max INT -1.69  3.82 -1.68 1.28 -4.32, 0.97 0.14 0.651 0.36 0.017 -0.06 0.571 0.281 0.602 0.01 
CON -0.54  4.89 -0.74 1.13 -3.01, 1.61 
FPPA-min INT -2.12  5.15 -1.43 1.12 -3.76, 0.91 -0.16 0.548 0.66 0.000 -0.20 0.049 1.11 0.304 0.05 
CON -1.40  2.89 0.23 1.00 -1.84, 2.29 
Double-
leg 
squat 
DSP 
Knee flexion  INT 4.14  20.00 5.31 5.25 -5.58, 16.21 -0.14 0.907 0.40 0.487 0.04 0.933 1.22 0.281 0.05 
CON -2.16  10.15 -2.80 4.65 -12.44, 6.84 
Knee varus INT 1.85  7.37 0.51 2.23 -4.12, 5.13 -0.20 0.70 0.13 0.588 0.05 0.785 0.93 0.345 0.04 
CON -2.11  7.32 -2.50 1.97 -6.59, 1.59 
Knee valgus INT -1.08  4.82 -1.29 1.09 -3.55, 0.98 -0.15 0.550 0.38 0.004 -0.14 0.143 0.08 0.78 0.004 
CON -0.71  3.23 -0.85 0.97 -2.86, 1.15 
Knee internal 
rotation 
INT 4.00  10.58 2.14 3.25 -4.60, 8.88 -0.31 0.684 -0.94 0.014 -0.08 0.776 0.004 0.947 0.000 
CON 0.66  11.64 1.84 2.88 -4.13, 7.80 
Knee external 
rotation 
INT 4.13  11.92 2.71 3.86 -5.29, 10.71 -0.01 0.992 -0.64 0.140 -0.15 0.660 0.007 0.936 0.000 
CON 2.01  12.09 3.15 3.41 -3.93, 10.23 
FPPA-max INT -1.07  2.97 -1.20 1.10 -3.48, 1.08 0.17 0.523 0.13 0.271 -0.005 0.962 0.05 0.832 0.002 
CON -0.86  3.96 -0.87 0.97 -2.89, 1.15 
FPPA-min INT -0.32  5.73 -0.95 1.21 -3.47, 1.58 -0.13 0.651 0.43 0.003 -0.14 0.186 0.38 0.546 0.02 
CON 0.35  3.72 0.09 1.08 -2.14, 2.33 
SD=standard deviations, SE=standard errors, CI=confidence interval,  regression coefficients, eta squared, FPPA=frontal plane projection angle. 
  
 
1
1
5
 
Table 7. Ankle dorsiflexion kinematics change difference (Adjusted values) – Double-leg squat 
 
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 
 
   Mean SD 
 
Mean SE 
 
95%CI 
 
Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
Double-
leg squat 
 
Start  INT 1.46  3.10 1.48 0.93 -0.46, 3.42 0.50 0.028 -0.15 0.199 0.043 0.600 0.35 0.561 0.02 
CON 0.34  3.39 0.68 0.89 -1.18, 2.54 
Peak INT 1.60  4.12 1.18 1.16 -1.24, 3.61 0.34 0.218 -0.31 0.040 0.02 0.813 0.22 0.646 0.01 
CON -0.10  4.11 0.40 1.11 -1.92, 2.72 
Displacement INT 0.14  3.30 -0.29 1.15 -0.27, 2.11 -0.17 0.536 -0.16 0.265 -0.02 0.853 0.00 0.995 0.00 
CON -0.44  4.00 -0.28 1.10 -2.58, 2.02 
SD=standard deviations, SE=standard errors, CI=confidence interval,  regression coefficients, eta squared. 
  
  
 
1
1
6
 
Table 8. Hip kinematics baseline and post-training values (Unadjusted) – Double-leg squat 
 
 
 
Variables Group Baseline 
Mean ± SD 
95% CI Post-TR 
Mean ± SD 
95% CI Change scores 
Mean ± SD 
95% CI Effect Size p-value 
Double-leg squat Hip extension INT -1.61 ± 8.36 -6.44, 3.21 -0.31 ± 7.68 -4.74, 4.13 1.31 ± 9.28 -4.06, 6.67 0.04 0.98 
Start  CON .80 ± 5.64 -2.32,  3.93 1.77 ± 5.81 -1.45, 4.98 0.97 ± 9.22 -4.14, 6.07   
 Hip adduction INT -2.46 ± 2.98 -4.18, -0.74 -2.32 ± 2.16 -3.56, -1.07 0.21 ± 3.73 -1.85, 2.28 0.04 0.94 
  CON -3.45 ± 2.48 -4.86, -2.08 -3.42 ± 2.42 -4.76, -2.08 -0.61 ± 3.66 -2.82, 1.60   
 Hip internal rotation INT -3.19 ± 2.79 -4.80, -1.58 -1.90 ± 3.87 -4.13, 0.34 1.94 ± 4.40 -0.49, 4.38 0.13 0.92 
  CON -1.72 ± 3.33 -3.57, 0.12 -0.96 ± 3.11 -2.68, 0.76 -0.59 ± 3.57 -2.75, 1.57   
Double-leg squat Hip flexion INT -77.98 ± 13.33 -85.67, -70.28 -76.93 ± 10.49 -82.74, -71.12 -4.15 ± 23.68 -17.26, 8.96 -0.65 0.10 
Peak  CON -71.76 ± 18.53 -82.03, -61.50 -64.65 ± 17.23 -74.19, -55.11 7.11 ± 10.78 1.14, 13.08   
 Hip adduction INT -0.29 ± 4.98 -3.16, 2.59 -1.25 ± 2.40 -2.58, 0.08 -0.98 ± 4.90 -3.70, 1.73 -0.24 0.52 
  CON -0.36 ± 4.09 -2.62, 1.90 -0.38 ± 3.38 -2.25, 1.49 -0.02 ± 3.04 -1.70, 1.66   
 Hip abduction INT -6.77 ± 4.16 -9.17, -4.37 -7.67 ± 5.15 -10.52, -4.82 -1.35 ± 4.34 -3.76, 1.05 -0.25 0.17 
  CON -5.93 ± 3.04 -7.61, -4.25 -5.29 ± 2.20 -6.51, -4.07 0.64 ± 3.24 -1.16, 2.43   
 Hip internal rotation INT 10.00± 6.56 6.21, 13.79 12.81 ± 7.12 8.87, 16.75 3.48 ± 7.04 -0.42, 7.37 0.55 0.15 
  CON 12.58 ± 9.49 7.33, 17.83 12.12 ± 8.66 7.33, 16.92 -0.46 ± 7.36 -4.54, 3.62   
 Hip external rotation INT -4.74 ± 3.27 -6.63, -2.85 -3.63 ± 3.94 -5.81, -1.45 0.79 ± 4.68 -1.80, 3.39 -0.11 0.78 
  CON -2.95 ± 3.99 -5.16, -0.74 -1.74 ± 3.95 -3.92, 0.45 1.21 ± 3.25 -0.59, 3.01   
Double-leg squat Hip flexion INT -76.36 ± 11.04 -82.74, -69.74 -76.68 ± 11.09 -83.08, -70.28 -5.01 ± 19.37 -15.74, 5.72 -0.71 0.62 
Displacement  CON -72.57 ± 20.10 -83.70, -61.44 -66.42 ± 17.85 -76.31, -56.53 6.15 ± 10.74 0.20, 12.09   
 Hip adduction INT 2.17 ± 3.33 0.25, 4.10 1.14 ± 1.57 0.23, 2.05 -0.95 ± 3.40 -2.83, 0.93 -0.33 0.232 
  CON 3.09 ± 3.29 1.27, 4.92 3.04 ± 2.67 1.56, 4.52 -0.05 ± 1.75 -1.03, 0.92   
 Hip abduction INT -4.31 ± 3.51 -6.34, -2.28 -5.55 ± 4.42 -8.10, -3.00 -1.32 ± 2.99 -2.98, 0.33 -0.73 0.634 
  CON -2.48 ± 2.17 -3.68, -1.27 -1.87 ± 1.49 -2.70, -1.05 0.60 ± 2.25 -0.64, 1.85   
 Hip internal rotation INT 13.19 ± 5.96 9.75, 16.63 14.85 ± 8.94 9.69, 20.01 2.55 ± 7.79 -1.76, 6.87 0.47 0.364 
  CON 14.30 ± 9.05 9.29, 19.31 13.08 ± 7.42 8.97, 17.19 -1.22 ± 8.13 -5.72, 3.28   
 Hip external rotation INT -1.55 ± 1.41 -2.36, -0.73 -1.66 ± 1.93 -2.78, -0.55 -0.13 ± 1.88 -1.17, 0.91 -0.36 0.259 
  CON -1.22 ± 1.36 -1.97, -0.47 -0.78 ± 1.41 -1.56, 0.00 0.44 ± 1.17 -0.21, 1.10   
SD=standard deviations, CI=confidence interval. 
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Table 9. Knee kinematics baseline and post-training values (Unadjusted) – Double-leg squat 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P- 
value 
Double-leg squat Knee flexion INT 14.45 ± 3.05 12.69, 16.21 14.64 ± 2.00 13.48, 15.79 0.19 ± 2.73 -1.39, 1.76 -0.22 0.91 
Start  CON 12.57 ± 6.98 8.71, 16.43 13.79 ± 4.18 11.48, 16.11 1.22 ± 6.61 -2.44, 4.89   
 Knee valgus INT 10.73 ± 3.52 8.69, 12.76 11.24 ± 4.67 8.54, 11.94 0.51 ± 3.94 -1.76, 2.79 -0.03 0.82 
  CON 9.43 ± 3.40 7.54, 11.31 10.06 ± 2.48 8.68, 11.43 0.63 ± 3.35 -1.23, 2.48   
 Knee internal rotation INT 0.81 ± 10.03 -4.99, 6.60 -2.23 ± 9.15 -7.51, 3.06 -3.03 ± 8.26 -7.80, 1.74 -0.20 0.63 
  CON 0.35 ± 14.28 -7.36, 8.26 -0.74 ± 9.77 -6.15, 4.67 -1.09 ± 10.60 -6.96, 4.77   
 Frontal plane  INT 5.00 ± 4.32 2.54, 7.49 4.05 ± 3.23 2.18, 5.91 -0.69 ± 2.03 -1.82, 0.43 -0.37 0.32 
 Projection angle CON 4.29 ± 3.99 1.98, 6.60 4.37 ± 3.52 2.33, 6.40 0.25 ± 3.00 -1.41, 1.92   
Double-leg squat Knee flexion INT 76.18 ± 13.19 68.57, 83.80 76.23 ± 12.22 69.47, 83.00 5.13 ± 22.11 -7.11, 17.38 0.41 0.32 
Peak  CON 78.25 ± 12.58 71.28, 85.21 77.31 ± 11.27 71.07, 83.55 -0.94 ± 7.54 -5.11, 3.24   
 Knee varus INT 10.08 ± 7.99 5.46, 14.69 12.21 ± 6.82 8.43, 15.98 2.80 ± 7.47 -1.33, 6.49 0.22 0.55 
  CON 8.82 ± 9.39 3.62, 14.02 7.34 ± 9.85 1.88, 12.79 -1.48 ± 8.24 -6.04, 3.08   
 Knee valgus INT -4.25 ± 2.89 -5.91, -2.58 -4.09 ± 1.79 -5.08, -3.10 -0.13 ± 1.90 -1.18, 0.93 0.54 0.15 
  CON -4.25 ± 3.11 -5.97, -2.53 -4.33 ± 2.66 -5.81, -2.86 -0.09 ± 2.16 -1.28, 1.11   
 Knee internal rotation INT -3.91 ± 3.12 -5.71, -2.11 -2.41 ± 6.31 -5.90, 1.09 1.24 ± 5.30 -1.69, 4.18 -0.02 0.96 
  CON -2.52 ± 5.51 -5.57, 0.54 -2.96 ± 3.34 -4.81, -1.10 -0.44 ± 5.36 -3.41, 2.53   
 Knee external rotation INT -21.45 ± 7.16 -25.58, -17.32 -18.56 ± 8.30 -23.24, -14.05 1.37 ± 8.77 -3.48, 6.23 0.32 0.40 
  CON -20.16 ± 8.40 -24.81, -15.50 -19.25 ± 6.24 -22.70, -15.79 0.91 ± 7.93 -3.48, 5.30   
 Frontal plane INT 6.81 ± 4.83 4.02, 9.60 4.79 ± 3.01 3.05, 6.52 -1.69 ± 3.82 -3.80, 0.43 0.06 0.88 
 projection angle-max  CON 7.61 ± 3.65 5.50, 9.72 6.82 ± 3.66 4.71, 8.94 -0.54 ± 4.89 -3.25, 2.16   
 Frontal plane INT -2.24 ± 4.80 -5.02, 0.53 -4.23 ± 5.83 -7.61, -0.85 -2.12 ± 5.15 -4.97, 0.73 -0.27 0.48 
 projection angle-max  CON -1.40 ± 2.89 -3.07, 0.27 -0.28 ± 4.57 -2.92, 2.36 -1.40 ± 2.89 -3.07, 0.27   
Double-leg squat Knee flexion INT 61.73 ± 13.84 53.74, 69.72 61.35 ± 13.06 53.81, 68.89 4.14 ± 20.00 -6.94, 15.21 0.40 0.286 
Displacement  CON 65.68 ± 15.07 57.33, 74.02 63.52 ± 13.30 56.15, 70.88 -2.16 ± 10.15 -7.78, 3.46   
 Knee varus INT -15.18 ± 3.80 -17.38, -12.99 -13.81 ± 6.21 -13.39, -10.22 1.85 ± 7.37 -2.23, 5.93 0.54 0.151 
  CON -14.54 ± 8.39 -19.18, -9.89 -15.00 ± 8.79 -19.87, -10.13 -2.11 ± 7.32 -6.16, 1.94   
 Knee valgus INT -0.65 ± 9.35 -6.05, 4.75 1.24 ± 7.50 -3.09, 5.57 -1.08 ± 4.82 -3.75, 1.59 -0.09 0.808 
  CON -0.61 ± 9.13 -8.14, 2.70 -2.72 ± 9.78 -8.14, 2.70 -0.71 ± 3.23 -3.75, 1.59   
 Knee internal rotation INT -14.97 ± 4.71 -17.69, -12.25 -15.32 ± 5.60 -18.55, -12.09 4.00 ± 10.58 -1.85, 9.86 0.30 0.417 
  CON -13.68 ± 4.03 -15.91, -11.45 -14.39 ± 3.54 -16.35, -12.43 0.66 ± 11.64 -5.79, 7.10   
 Knee external rotation INT -4.71 ± 11.13 -11.14, 1.71 -0.25 ± 12.51 -7.48, 6.98 4.13 ± 11.92 -2.47, 10.73 0.18 0.631 
  CON -2.87 ± 16.32 -11.91, 6.17 -2.21 ± 10.53 -8.05, 3.62 2.01 ± 12.09 -4.69, 8.70   
 Frontal plane INT -22.25 ± 13.02 -29.77, -14.74 -16.49 ± 14.43 -24.82, -8.15 -1.07 ± 2.97 -2.78, 0.65 -0.06 0.88 
 projection angle-max  CON -20.51 ± 17.12 -29.99, -11.03 -18.51 ± 11.33 -24.78, -12.23 -0.86 ± 3.96 -3.15, 1.42   
 Frontal plane INT 1.81 ± 3.29 -0.09, 3.70 0.74 ± 0.75 0.31, 1.17 -0.32 ± 5.73 -6.55, 0.07 -0.14 0.06 
  CON 3.32 ± 4.46 0.74, 5.90 2.46 ± 2.07 1.26, 3.65 0.35 ± 3.72 -1.80, 2.49   
SD=standard deviations, CI=confidence interval, FPPA=frontal plane projection angle. 
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Table 10. Ankle dorsiflexion kinematics baseline and post-training values (Unadjusted) – Double-leg squat 
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size 
P- 
value 
Double-leg squat INT 14.45 ± 3.05 12.69, 16.21 14.64 ± 2.00 13.48, 15.79 0.19 ± 2.73 -1.39, 1.76 0.34 0.19 
Start CON 14.52 ± 3.86 12.39, 16.66 13.79 ± 4.18 11.48, 16.11 -0.73 ± 2.76 -2.26, 0.80   
Double-leg squat INT 14.47 ± 3.05 12.71, 16.24 14.50 ± 2.02 13.38, 15.62 0.99 ± 4.09 -1.28, 3.26 0.46 0.60 
Peak CON 14.36 ± 3.63 12.35, 16.37 13.82 ± 4.19 11.50, 16.14 -0.54 ± 2.50 -1.93, 0.84   
Double-leg squat INT -19.96 ± 6.88 -23.93, -15.99 -19.95 ± 6.17 -23.51, -16.38 -1.68 ± 7.31 -5.73, 2.37 -0.11 0.767 
Displacement CON -23.44 ± 8.77 -28.29, -18.58 -24.48 ± 9.69 -29.84, -19.12 -1.04 ± 3.80 -3.15, 1.06   
SD=standard deviations, CI=confidence interval. 
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Table 11. Hip kinematics change difference (Adjusted values) – Single-leg squat  
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95% CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Single-
leg 
squat 
Start 
Hip flexion  INT 0.01  11.88 -1.71 2.84 -7.63, 4.21 -0.06 0.929 0.16 0.65 -0.54 0.04 0.85 0.367 0.04 
CON 0.75  5.90 2.09 2.71 -3.57, 7.76 
Hip adduction INT 0.21  3.73 0.29 1.25 -2.33, 2.90 0.003 0.992 0.124 0.417 0.018 0.871 0.37 0.552 0.02 
CON -0.61  3.66 -0.81 1.20 -3.31, 1.69 
Hip internal 
rotation 
INT 1.94  4.40 2.43 1.26 -0.20, 5.05 -0.23 0.434 -0.01 0.935 -0.02 0.853 2.82 0.109 0.12 
CON -0.59  3.57 -0.65 1.20 -3.16, 1.87 
Single-
leg 
squat 
Peak 
Hip flexion  INT -2.47  13.40 -5.36 3.53 -12.71, 2.00 0.41 0.620 -0.13 0.757 -0.18 0.561 3.12 0.093 0.14 
CON 2.76  6.67 3.68 3.37 -3.35, 10.72 
Hip adduction INT -2.35  7.01 -2.58 1.95 -6.65, 1.49 -0.30 0.512 0.09 0.698 -0.27 0.125 0.73 0.401 0.04 
CON -0.65  5.37 -0.15 1.87 -4.04, 3.75 
Hip abduction INT -0.22  3.86 -0.19 1.33 -2.95, 2.58 -0.13 0.668 0.15 0.350 0.52 0.870 0.19 0.671 0.01 
CON -0.81  4.09 -1.02 1.27 -3.66, 1.63 
Hip internal  
rotation 
INT 1.42  4.77 1.27 1.31 -1.47, 4.00 -0.23 0.444 -0.16 0.302 -0.04 0.757 0.38 0.543 0.02 
CON -.090 3.15 0.09 1.25 -2.53, 2.70 
Hip external 
rotation 
INT 2.36  5.92 2.61 1.49 -0.51, 5.72 -0.47 0.179 -0.01 0.956 -0.16 0.235 1.56 0.266 0.07 
CON -0.31  4.14 -0.10 1.43 -0.31, 2.88 
Single-
leg 
squat 
DSP 
Hip flexion  INT -2.48  9.19 -3.65 2.09 -8.00, 0.72 0.46 0.342 -0.29 0.263 0.36 0.06 2.97 0.100 0.13 
CON 2.02  5.24 1.59 2.00 -2.58, 5.76 
Hip adduction INT -2.56  5.62 -2.87 1.37 -5.72, 0.012 -0.30 0.349 -003 0.85 -0.29 0.024 3.16 0.091 0.14 
CON -0.04  3.90 0.67 1.31 -2.06, 3.40 
Hip abduction INT -0.43  1.11 -0.47 0.40 -1.31, 0.36 -0.13 0.156 0.03 0.572 -0.03 0.300 0.27 0.646 0.01 
CON -0.20  1.38 -0.20 0.38 -1.00, 0.60 
Hip internal  
rotation 
INT -0.52  1.54 -1.16 1.02 -3.28, 0.96 -0.01 0.99 -0.15 0.221 -0.02 0.87 1.65 0.214 0.08 
CON 0.50  3.76 0.74 0.97 -1.29, 2.76 
Hip external 
rotation 
INT 0.42  4.06 0.18 1.03 -1.97, 2.33 -0.24 0.310 0.003 0.98 -0.14 0.812 0.06 0.812 0.003 
CON 0.28  1.54 0.54 0.99 -1.51, 2.60 
DSP=displacement, SD = standard deviation, SE=standard error, Regression coefficientEta squared 
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Table 12. Knee kinematics change difference (Adjusted values) – Single-leg squat 
 
Task Variables Group Unadjusted 
  
Adjusted  
  
Covariates F p-
value 

2 
   Mean SD 
 
Mean SE 
 
95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Single-
leg squat 
Start 
Knee flexion  INT 1.46  3.10 1.48 0.93 -0.46, 3.42 0.50 0.028 -0.15 0.111 0.04 0.212 0.35 0.461 0.02 
CON 0.34  3.39 -0.65 1.20 -3.16, 1.87 
Knee valgus INT 1.53  5.55 1.54 1.52 -1.62, 4.70 0.07 0.837 -0.29 0.126 0.15 0.261 0.13 0.726 0.01 
CON 0.80  4.06 0.76 1.45 -2.27, 3.78 
Knee internal 
rotation 
INT -4.00  10.64 -5.23 2.82 -11.10, 0.65 0.90 0.890 0.94 0.012 -0.38 0.135 1.93 0.180 0.18 
CON 0.47  10.21 0.46 2.69 -5.16, 6.08 
FPPA INT -0.96  2.36 -1.12 0.65 -2.48, 0.24 0.11 0.463 0.34 0.001 -0.15 0.36 0.53 0.474 0.03 
CON 0.04  3.25 -0.43 0.62 -1.73, 0.87 
Single-
leg squat 
Peak 
Knee flexion  INT 0.49  7.08 2.29 1.57 -0.98, 5.56 -0.10 0.781 0.27 0.16 -0.14 0.30 1.05 0.318 0.05 
CON -0.06  4.10 -0.40 1.50 -3.17, 3.09 
Knee varus INT 1.92  5.26 2.72 1.17 0.29, 5.16 -0.23 0.405 -0.31 0.038 0.20 0.058 3.30 0.084 0.142 
CON -0.03  3.00 -0.36 1.12 -2.69, 1.97 
Knee valgus* INT 2.34  3.63 2.42 0.73 0.89, 3.95 -0.15 0.377 -0.37 0.001 0.11 0.091 0.46 0.044 0.19 
CON 0.08  3.45 0.13 0.70 -1.34, 1.59 
Knee internal 
rotation 
INT 0.97  3.70 1.02 1.15 -1.38, 3.42 -0.17 0.541 -0.10 0.461 0.05 0.64 0.98 0.335 0.05 
CON -0.53  3.20 -0.64 1.10 -2.94, 1.66 
Knee external 
rotation 
INT 4.26  7.28 4.44 2.03 0.20, 8.68 0.03 0.956 -0.33 0.185 0.07 0.708 1.38 0.254 0.06 
CON 0.74  4.85 0.98 1.95 -3.08, 5.03 
FPPA-max INT -4.38  5.06 -4.25 1.45 -7.27, -1.24 0.27 0.426 0.29 0.106 0.013 0.917 0.140 0.126 0.113 
CON -0.09  4.77 -0.90 1.38 -3.78, 1.99 
FPPA-min INT -1.14  3.17 -1.28 0.80 -2.94, 0.38 0.01 0.971 0.37 0.001 -0.10 0.157 0.46 0.506 0.02 
CON -1.10  3.32 -0.50 0.76 -2.09, 1.09 
Single-
leg squat 
DSP 
Knee flexion  INT -0.97  8.32 0.81 1.75 -2.84, 4.47 -0.60 0.147 0.42 0.058 -0.19 0.232 0.36 0.554 0.018 
CON -0.40  4.09 -0.72 1.68 -4.22, 2.78 
Knee varus INT 0.38  5.57 1.18 1.44 -1.83, 4.19 -0.30 0.375 -0.02 0.903 0.05 0.687 1.21 0.285 0.06 
CON -0.83  3.04 -1.12 1.38 -4.00, 1.76 
Knee valgus* INT 0.81  6.30 0.88 1.50 -2.40, 4.16 -0.22 0.540 -0.08 0.673 -0.04 0.776 0.44 0.515 0.02 
CON -0.72  3.72 -0.63 1.57 -3.77, 2.50 
Knee internal 
rotation 
INT 4.97  13.02 6.24 3.45 -0.95, 13.44 -0.26 0.020 -0.26 0.740 0.43 0.168 2.15 0.158 0.10 
CON -1.00  11.64 -1.10 3.30 -8.00, 5.79 
Knee external 
rotation 
INT 8.28  15.45 9.67 3.91 1.52, 17.82 -0.07 0.943 -1.27 0.013 0.45 0.20 2.60 0.123 0.12 
CON 0.27  12.57 0.52 3.74 -7.28, 8.32 
FPPA-max INT -3.42  4.16 6.17 1.37 3.32, 9.01 0.16 0.568 -0.08 0.562 0.04 0.704 0.091 0.062 0.150 
CON -0.05  3.72 8.56 1.22 6.04, 11.08 
FPPA-min INT -0.18  1.74 -0.15 0.44 -1.06, 0.77 -0.10 0.327 0.05 0.356 -0.05 0.208 0.014 0.905 0.001 
CON -0.07  0.70 -0.22 0.39 -0.10, 0.59 
DSP=displacement, SD = standard deviation, SE=standard error, Regression coefficientEta squared, FPPA = frontal plane projection angle, *indicates significant difference.  
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Table 13. Ankle dorsiflexion kinematics change difference (Adjusted values) – Single-leg squat 
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 

   Mean SD 
 
Mean SE 
 
95%CI 
 
Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
  
         p-value  p-value  p-value   
Single-
leg squat 
 
Start  INT 1.46  3.10 1.48 0.93 -0.46, 3.42 0.50 0.028 -0.15 0.199 0.043 0.600 0.35 0.561 0.02 
CON 0.34  3.39 0.68 0.89 -1.18, 2.54 
Peak INT 1.60  4.12 1.18 1.16 -1.24, 3.61 0.34 0.218 -0.31 0.040 0.02 0.813 0.22 0.646 0.01 
CON -0.10  4.11 0.40 1.11 -1.92, 2.72 
Displacement INT 0.14  3.30 -0.29 1.15 -0.27, 2.11 -0.17 0.536 -0.16 0.265 -0.02 0.853 0.00 0.995 0.00 
CON -0.44  4.00 -0.28 1.10 -2.58, 2.02 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. 
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Table 14. Hip kinematics baseline and post-training values (Unadjusted) – Single-leg squat 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Single-leg squat Hip flexion INT -4.06 ± 9.12 -9.11, 0.99 -4.05 ± 9.33 -9.22, 1.12 0.01 ± 11.88 -6.57, 6.59 0.08 0.841 
Start  CON -3.67 ± 5.98 -7.28, -0.05 -2.92 ± 6.47 -6.83, 0.99 0.75 ± 5.90 -2.82, 4.31   
 Hip adduction INT 4.46 ± 3.17 2.70, 6.21 4.67 ± 3.50 2.74, 6.61 0.21 ± 3.73 -1.85, 2.28 0.22 0.563 
  CON 4.90 ± 2.86 3.18, 6.63 4.30 ± 3.19 2.36, 6.23 -0.61 ± 3.66 -2.82, 1.60   
 Hip internal rotation INT -1.76 ± 3.51 -3.71, 0.18 0.18 ± 4.54 -2.33, 2.69 1.94 ± 4.40 -0.49, 4.38 0.62 0.110 
  CON 0.72 ± 4.57 -2.04, 3.49 0.13 ± 3.91 -2.23, 2.49 -0.59 ± 3.57 -2.75, 1.57   
Single-leg squat Hip flexion INT -48.44 ± 14.96 -56.73, -40.16 -50.91 ± 13.13 -58.18, -43.64 -2.47 ± 13.40 -9.89, 4.95 -0.49 0.21 
Peak  CON -45.88 ± 15.19 -55.05, -36.70 -43.11 ± 19.69 -55.01, -31.22 2.76 ± 6.67 -1.26, 6.79   
 Hip adduction INT 18.68 ± 5.37 15.71, 21.66 16.33 ± 6.80 12.57, 20.10 -2.35 ± 7.01 -6.23, 1.53 -0.27 0.48 
  CON 18.42 ± 5.46 15.12, 21.72 17.77 ± 5.87 14.22, 21.31 -0.65 ± 5.37 -3.90, 2.59   
 Hip abduction INT 3.99 ± 3.46 2.07, 5.90 3.77 ± 3.93 1.60, 5.94 -0.22 ± 3.86 -2.36, 1.92 0.13 0.70 
  CON 4.38 ± 3.05 2.54, 6.22 3.57 ± 3.66 1.36, 5.78 -0.81 ± 4.09 -3.28, 1.66   
 Hip internal rotation INT 3.96 ± 4.63 1.40, 6.53 5.39 ± 4.81 2.72, 8.05 1.42 ± 4.77 -1.22, 4.06 0.37 0.34 
  CON 7.04 ± 4.73 4.18, 9.89 6.95 ± 5.15 3.84, 10.06 -.09 ± 3.15 -1.99, 1.81   
 Hip external rotation INT -3.90 ± 5.13 -6.74, -1.06 -1.54 ± 4.61 -4.10, 1.01 2.36 ± 5.92 -0.92, 5.63 0.52 0.16 
  CON -0.31 ± 4.14 -2.81, 2.19 -0.62 ± 3.64 -2.81, 1.58 -0.31 ± 4.14 -2.29, 1.67   
Single-leg squat Hip flexion INT -44.39 ± 13.18 -51.69, -37.09 -46.86 ± 12.77 -53.93, 53.93 -2.48 ± 9.19 -7.56, 2.61 -0.61 0.13 
Displacement  CON -42.21 ± 15.04 -51.30, -33.12 -40.19 ± 16.25 -50.01, -30.38 2.02 ± 5.24 -1.15, 5.19   
 Hip adduction INT 14.23 ± 5.20 11.35, 17.11 11.66 ± 4.97 8.91, 14.42 -2.56 ± 5.62 -5.68, 0.55 -0.52 0.19 
  CON 13.51 ± 5.16 10.39, 16.64 13.47 ± 5.25 10.30, 16.65 -0.04 ± 3.90 -2.40, 2.31   
 Hip abduction INT -0.47 ± 0.49 -0.74, -0.20 -0.90 ± 1.32 -1.63, -0.17 -0.43 ± 1.11 -1.04, 0.18 0.31 0.63 
  CON -0.53 ± 0.99 -1.13, 0.07 -0.73 ± 0.79 -1.20, -0.25 -0.20 ± 1.38 -1.04, 0.64   
 Hip internal rotation INT 5.73 ± 2.68 4.24, 7.22 5.21 ± 3.40 3.33, 7.09 -0.52 ± 1.54 -1.90, 0.85 -0.36 0.40 
  CON 6.31 ± 2.94 4.54, 8.09 6.82 ± 3.87 4.48, 9.16 0.50 ± 3.76 -1.78, 2.78   
 Hip external rotation INT -2.14 ± 3.64 -4.15, -0.12 -1.72 ± 1.65 -2.64, -0.81 0.42 ± 4.06 -1.83, 2.66 0.05 0.91 
  CON -1.03 ± 1.57 -1.98, -0.09 -0.75 ± 0.62 -1.12, -0.38 0.28 ± 1.54 -0.65, 1.22   
SD=standard deviation, CI=confidence interval. 
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Table 15. Knee kinematics baseline and post-training values (Unadjusted) – Single-leg squat  
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P- 
value 
Single-leg squat Knee flexion INT 8.79 ± 5.05 5.99, 11.59 10.25 ± 3.09 8.54, 11.96 1.46 ± 3.10 -0.26, 3.18 0.35 0.369 
Start  CON 8.22 ± 4.22 5.67, 10.77 8.55 ± 5.25 5.38, 11.73 0.34 ± 3.39 -1.71, 2.38   
 Knee valgus INT -2.45 ± 2.80 -4.01, -0.90 -0.92 ± 5.24 -3.82, 1.98 1.53 ± 5.55 -1.54, 4.60 0.15 0.697 
  CON -1.65 ± 3.01 -3.47, 0.17 -0.85 ± 2.74 -2.51, 0.80 0.80 ± 4.06 -1.65, 3.25   
 Knee internal rotation INT -3.01 ± 12.83 -10.12, 4.09 -7.02 ± 8.97 -11.99, -2.05 -4.00 ± 10.64 -9.90, 1.89 -0.43 0.269 
  CON -1.75 ± 12.79 -9.48, 5.98 -1.28 ± 11.31 -8.12, 5.56 0.47 ± 10.21 -5.7, 6.64   
 Frontal plane  INT 4.00 ± 4.04 1.76, 6.24 3.04 ± 3.15 1.29, 4.79 -0.96 ± 2.36 -2.27, 0.35 -0.67 0.356 
 Projection angle CON 4.09 ± 3.35 2.15, 6.02 4.05 ± 3.43 2.07, 6.03 0.04 ± 3.25 -1.92, 1.84   
Single-leg squat Knee flexion INT 62.98 ± 7.69 58.72, 67.24 63.46 ± 8.31 58.86, 68.07 0.49 ± 7.08 -3.43, 4.41 0.10 0.20 
Peak  CON 62.76 ± 5.33 59.54, 65.98 62.70 ± 6.77 58.61, 66.79 -0.06 ± 4.10 -2.54, 2.41   
 Knee varus INT -0.11 ± 5.79 -3.32, 3.09 1.80 ± 6.83 -1.98, 5.59 1.92 ± 5.26 -1.00, 4.83 0.46 0.25 
  CON -0.08 ± 4.29 -2.67, 2.51 -0.11 ± 5.60 -3.49, 3.27 -0.03 ± 3.00 -1.84, 1.78   
 Knee valgus INT -7.76 ± 5.23 -10.66, -4.86 -5.42 ± 4.10 -7.69, -3.41 2.34 ± 3.63 0.33, 4.35 0.64 0.10 
  CON -5.99 ± 3.68 -8.21, -3.77 -5.91 ± 3.33 -7.92, -3.90 0.08 ± 3.45 -2.01, 2.17   
 Knee internal rotation INT -2.86 ± 3.60 -4.85, -0.86 -1.89 ± 3.70 -3.95, 0.16 0.97 ± 3.70 -1.08, 3.02 0.43 0.27 
  CON -5.27 ± 4.86 -8.20, -2.33 -5.80 ± 3.91 -8.16, -3.43 -0.53 ± 3.20 -2.46, 1.40   
 Knee external rotation INT -22.27 ± 6.86 -26.07, -18.48 -18.01 ± 7.84 -22.35, -13.67 4.26 ± 7.28 0.23, 8.29 0.57 0.15 
  CON -21.93 ± 5.18 -25.06, -18.80 -21.19 ± 4.59 -23.97, -18.42 0.74 ± 4.85 -2.19, 3.67   
 Frontal plane  INT 13.24 ± 4.54 10.73, 15.75 8.86 ± 4.38 6.43, 11.28 -4.38 ± 5.06 -7.19, -1.58 -0.87 0.05 
 projection angle-max* CON 13.66 ± 5.39 10.55, 16.78 13.57 ± 5.43 10.43, 16.70 -0.09 ± 4.77 -2.85, 2.66   
 Frontal plane  INT 3.20 ± 4.50 0.71, 5.69 2.06 ± 3.21 0.28, 3.84 -1.14 ± 3.17 -2.90, 0.61 -0.01 0.52 
 projection angle-min CON 3.72 ± 3.21 1.86, 5.57 3.61 ± 4.51 1.58, 5.63 -1.10 ± 3.32 -2.03. 1.81   
Single-leg squat Knee flexion INT 54.19 ± 9.39 48.98, 59.39 53.22 ± 7.62 49.00, 57.44 -0.97 ± 8.32 -5.58, 3.64 -0.09 0.82 
Displacement  CON 54.54 ± 785 49.08, 59.28 54.14 ± 9.94 48.14, 60.15 -0.40 ± 4.09 -2.87, 2.07   
 Knee varus INT 2.34 ± 6.94 -1.50, 6.18 2.72 ± 7.42 -1.38, 6.83 0.38 ± 5.57 -2.70, 3.46 0.27 0.49 
  CON 1.57 ± 4.83 -1.35, 4.49 0.75 ± 4.37 -1.90, 3.89 -0.83 ± 3.04 -2.66, 1.01   
 Knee valgus INT -5.30 ± 5.92 -8.58, -2.03 -4.50 ± 6.37 -8.03, -0.97 0.81 ± 6.30 -2.68, 4.30 0.30 0.45 
  CON -4.37 ± 3.94 -6.71, -1.96 -5.06 ±2.78 -6.74, -3.37 -0.72 ± 3.72 -3.07, 1.53   
 Knee internal rotation INT 0.15 ± 15.53 -8.45, 8.76 5.13 ± 11.71 -1.36, 11.61 4.97 ± 13.02 -2.24, 12.18 0.48 0.22 
  CON -3.52 ± 15.42 -12.84, 5.81 -4.52 ± 14.08 -13.02, 4.00 -1.00 ± 11.64 -8.03, 6.03   
 Knee external rotation INT -19.26 ± 18.14 -29.31, -9.21 -11.00 ± 15.11 -19.96, -2.62 8.28 ± 15.45 -0.34, 16.88 0.57 0.15 
  CON -20.18 ± 15.57 -29.59, -10.77 -19.91 ± 13.42 -28.02, -11.81 0.27 ± 12.57 -7.33, 7.87   
 Maximal frontal plane*  INT 13.24 ± 4.54 10.73, 15.75 8.86 ± 4.38 6.43, 11.28 -3.42 ± 4.16 -5.73, -1.12 -0.85 0.02 
 projection angle CON 13.66 ± 5.39 10.55, 16.78 13.57 ± 5.43 10.47, 16.70 -0.05 ± 3.72 -2.20, 2.10   
 Minimal frontal plane  INT 3.20 ± 4.50 0.71, 5.6 2.06 ± 3.21 0.28, 3.84 -0.18 ± 1.74 -1.15, 0.78 -0.08 0.90 
 projection angle CON 3.72 ± 3.21 1.86, 5.57 3.61 ± 3.51 1.58, 5.63 -0.07 ± 0.70 -0.47, 0.34   
SD=standard deviation, CI=confidence interval.*indicates significant   
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Table 16. Ankle dorsiflexion kinematics baseline and post-training values (Unadjusted) – Single-leg squat 
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size P value 
Single-leg squat INT 8.79 ± 5.05 5.99, 11.59 10.25 ± 3.09 8.54, 11.96 1.46 ± 3.10 -0.26, 3.18 0.35 0.369 
Start CON 8.22 ± 4.22 5.67, 10.77 8.55 ± 5.25 5.38, 11.73 0.34 ± 3.39 -1.71, 2.38   
Single-leg squat INT -12.92 ± 4.37 -15.34 ± -10.51 -11.33 ± 4.73 -13.95, -8.71 1.60 ± 4.12 -0.68, 3.88 0.41 0.28 
Peak CON -11.90 ± 5.47 -15.21, -8.59 -12.00 ± 8.72 -17.27, -6.74 -0.10 ± 4.11 -2.59, 2.38   
Single-leg squat INT -21.72 ± 3.51 -23.66, -19.77 -21.57 ± 4.42 -24.02, -19.13 0.14 ± 3.30 -1.69, 1.97 0.16 0.68 
Displacement CON -20.12 ± 3.69 -22.35, -17.89 -20.56 ± 5.29 -23.75, -17.36 -0.44 ± 4.00 -2.86, 1.98   
SD=standard deviation, CI=confidence interval. 
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Table 17. Hip kinematics change difference (Adjusted values) – Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Jump-
landing 
Start 
Hip flexion INT -1.96  5.96 3.44 2.71 -2.19, 9.07 -0.91 0.159 -0.07 0.809 -0.24 0.236 4.00 0.058 0.16 
CON -3.67  8.56 -4.43 2.23 -0.06, 0.20 
Hip adduction INT -0.12  3.44 -1.03 1.41 -3.97, 1.91 0.45 0.184 0.33 0.037 0.07 0.511 0.90 0.355 0.04 
CON 0.16  4.51 0.92 1.16 -1.50, 1.91 
Hip internal 
rotation 
INT 1.23  5.82 1.49 1.86 -2.37, 5.36 -0.07 0.880 0.09 0.638 0.273 0.059 1.44 0.244 0.06 
CON -0.86  4.80 -1.74 1.53 -4.98, 1.44 
Jump-
landing 
Peak 
Hip flexion INT 3.88  9.74 2.32 4.14 -6.28, 10.92 0.20 0.834 -0.02 0.962 0.11 0.732 0.27 0.612 0.01 
CON -1.45  11.46 -0.78 3.40 -7.85, 6.30 
Hip adduction INT -0.76  4.35 -2.01 1.53 -5.18, 1.17 0.65 0.078 0.27 0.107 0.08 0.469 0.84 0.370 0.04 
CON -0.95  4.45 0.03 1.26 -2.59, 2.64 
Hip abduction INT -0.74  4.33 -0.74 1.76 -4.40, 2.93 0.20 0.621 0.11 0.545 0.18 0.173 0.003 0.953 0.000 
CON -0.47  4.81 -0.58 1.45 -3.60, 2.43 
Hip internal 
rotation 
INT 0.43  4.46 -2.39 2.07 -6.69, 1.90 -0.11 0.828 0.32 0.155 -0.01 0.930 0.40 0.536 0.02 
CON 0.05  4.56 -0.50 1.70 -4.04, 3.03 
Hip external 
rotation 
INT 0.88  6.18 -0.51 2.26 -5.21, 4.19 0.18 0.730 0.26 0.274 0.34 0.054 0.03 0.866 0.001 
CON -0.38  6.39 -1.07 1.86 -4.94, 2.78 
Jump-
landing 
DSP 
Hip flexion INT 1.04  10.96 -1.06 3.58 -8.50, 6.38 1.09 0.203 0.04 0.912 0.34 0.205 0.90 0.353 0.04 
CON 2.22  10.43 3.87 2.94 -2.25, 9.98 
Hip adduction INT -0.98  1.69 -0.99 0.70 -2.25, 0.46 0.22 0.197 -0.06 0.436 0.02 0.776 0.002 0.967 0.000 
CON -1.11  2.31 -0.95 0.57 -2.15, 0.24 
Hip abduction INT -0.49  3.66 0.23 1.17 -2.21, 2.66 -0.21 0.443 -0.21 0.104 0.12 0.180 1.34 0.259 0.06 
CON -0.63  3.37 -1.74 0.96 -3.74, 0.26 
Hip internal 
rotation 
INT -2.05  6.23 -3.82 1.95 -7.87, 0.22 -0.07 0.877 0.22 0.295 -0.29 0.054 3.51 0.075 0.14 
CON 0.91  6.28 1.47 1.60 -1.86, 4.79 
Hip external 
rotation 
INT -1.00  3.46 -1.94 1.43 -4.92, 1.04 0.22 0.522 0.16 0.282 0.06 0.574 1.88 0.185 0.08 
CON 0.48  4.02 0.91 1.18 -1.54, 3.36 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle. *indicates significant difference. 
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Table 18. Knee kinematics change difference (Adjusted values) – Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 
h2 
   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Jump-
landing 
Start 
Knee flexion  INT -1.50  5.59 -3.03 1.98 -7.15, 1.09 0.32 0.493 0.11 0.607 0.04 0.769 0.22 0.644 0.01 
CON -2.19  4.85 -1.68 1.63 -5.07, 1.71 
Knee valgus INT 2.96  3.81 5.84 1.08 3.59, 8.08 -0.45 0.084 -0.15 0.184 0.13 0.068 9.93 0.005 0.32 
CON 1.69  2.88 0.90 0.89 -0.95, 8.08 
Knee internal 
rotation 
INT 2.49  9.20 3.96 2.51 -1.27, 9.18 -0.22 0.711 -0.28 0.294 -0.24 0.214 0.79 0.385 0.04 
CON 0.80  4.77 0.72 2.07 -3.57, 5.02 
FPPA INT -3.52  3.93 -4.77 1.55 -8.00, -1.54 -0.05 0.898 0.15 0.353 -0.09 0.445 0.92 0.376 0.04 
CON -3.04  4.76 -2.73 1.28 -5.38, -0.07 
Jump-
landing 
Peak 
Knee flexion  INT -2.23  12.48 -1.24 3.88 -9.32, 6.83 0.59 0.517 0.04 0.913 -0.07 0.798 0.36 0.553 0.02 
CON 1.69  10.58 2.16 3.19 -4.48, 8.80 
Knee varus* INT -1.47  5.75 7.04 1.61 3.69, 10.40 -0.54 0.158 0.09 0.599 0.18 0.149 7.13 0.014 0.25 
CON -6.40  6.35# 0.70 1.61 -1.97, 3.55 
Knee valgus* INT 4.65  6.38# 4.86 1.50 1.74, 7.99 -0.45 0.208 -0.16 0.238 -0.03 0.819 6.51 0.019 0.24 
CON 2.22  4.23 -0.70 1.24 -3.27, 1.87 
Knee internal 
rotation 
INT 2.66  3.70# 2.08 2.18 -2.45, 6.61 0.17 0.737 -0.15 0.526 -0.06 0.732 0.192 0.666 0.009 
CON -0.37  4.25 0.70 1.79 -3.03, 4.42 
Knee external 
rotation 
INT 0.52  6.31 5.15 3.46 -2.05, 12.35 -0.18 0.826 -0.42 0.253 0.05 0.847 0.96 0.338 0.04 
CON 0.39  5.59 0.23 2.85 -5.69, 6.15 
FPPA-max* INT 1.58  8.47 -7.82 1.53 -11.02, -4.63 0.68 0.074 0.16 0.367 -0.20 0.099 7.82 0.011 0.28 
CON -1.33  7.50 -1.52 1.32 -4.26, 1.23 
FPPA-min INT -4.29  4.05# -5.75 2.48 -10.90, -0.60 0.31 0.594 -0.02 0.955 -0.03 0.883 0.87 0.361 0.04 
CON -1.62  6.49 -2.39 2.04 -6.63, 1.85 
Jump-
landing 
DSP 
Knee flexion  INT -0.62  12.13 1.87 3.77 -5.96, 9.70 0.23 0.794 -0.07 0.854 -0.13 0.657 0.17 0.681 0.008 
CON 3.88  11.14 4.15 3.10 -2.29, 10.59 
Knee varus INT 1.51  4.90 1.31 1.18 -1.14, 3.76 -0.14 0.603 0.23 0.071 0.02 0.858 0.37 0.551 0.02 
CON 0.53  3.74 0.28 0.97 -1.73, 2.29 
Knee valgus INT -0.41  2.35 -0.94 1.26 -3.57, 1.68 -0.01 0.965 -0.005 0.967 -0.181 0.064 0.09 0.771 0.004 
CON -2.05  4.37 -1.48 1.04 -3.64, 0.67 
Knee internal 
rotation 
INT -1.27  4.13 -1.88 1.26 -4.49, 0.74 0.39 0.195 0.14 0.313 0.18 0.064 1.03 0.322 0.05 
CON -0.41  2.91 -0.03 1.24 -2.18, 2.13 
Knee external 
rotation 
INT 1.09  5.69 1.25 1.84 -2.58, 5.09 0.01 0.978 -0.15 0.446 0.28 0.051 0.33 0.572 0.02 
CON 0.52  5.54 -0.28 1.52 -3.44, 2.87 
FPPA-max* INT -0.72  3.86 -2.21 1.07 -4.44, 0.02 0.47 0.075 0.22 0.069 0.06 0.530 7.21 0.014 0.247 
CON 1.23 3.89 1.97 0.94 0.02, 3.92 
FPPA-min INT 0.63  6.70 -1.17 1.89 -5.09, 2.74 0.46 0.318 -0.05 0.804 0.32 0.316 0.50 0.487 0.02 
CON 0.48  6.28 0.76 1.89 -2.67, 4.19 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle. *indicates significant difference. 
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Table 19. Ankle dorsiflexion kinematics change difference (Adjusted values) – Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
  
         p-value  p-value  p-value   
Jump-
landing 
Start  INT 4.87  13.23 6.12 4.36 -2.97, 15.22 0.50 0.632 -0.11 0.811 0.07 0.833 0.82 0.377 0.04 
CON -0.20  7.87 0.32 3.75 -7.50, 8.14 
Peak INT 6.79  14.13 13.17 5.21 2.34, 24.00 -0.56 0.646 -0.07 0.894 0.43 0.270 1.32 0.264 0.06 
CON 8.37  11.70 4.50 4.28 -4.41, 13.40 
Displacement INT 1.66  17.73 7.76 5.66 -4.04, 19.56 -0.67 0.618 -0.12 0.844 0.31 0.471 0.02 0.890 0.001 
CON 8.67  12.85 6.69 4.86 -3.55, 16.74 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle. *indicates significant difference. 
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Table 20. Hip kinematics change difference baseline and post-training (Unadjusted values) – Jump-landing 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Jump-landing Hip extension INT -30.22 ± 7.88 -34.77, -25.68 -28.10 ± 8.19 -32.64, -23.57 -1.96 ± 5.96 -1.34, 5.26 0.23 0.05 
Initial contact  CON -26.80 ± 5.47 -29.83, -23.78 -30.23 ± 7.24 -34.41, -26.05 -3.67 ± 8.56 -8.61, 1.27   
 Hip adduction INT -5.09 ± 3.54 -7.13, -3.04 -4.93 ± 3.50 -6.86, -2.99 -0.12 ± 3.44 -1.78, 2.03 -0.07 0.92 
  CON -5.21 ± 3.18 -6.97, -3.45 -5.13 ± 4.36 -7.65, -2.61 0.16 ± 4.51 -2.45, 2.76   
 Hip internal rotation INT -1.88 ± 5.82 -5.24, 1.48 -0.21 ± 5.05 -2.59, 3.00 1.23 ± 5.82 -1.99, 4.45 0.39 0.24 
  CON 2.53 ± 5.29 -0.40, 5.46 1.30 ± 6.82 -2.64, 5.23 -0.86 ± 4.80 -3.63, 1.92   
Jump-landing Hip flexion INT -57.00 ± 12.01 -63.93, 50.06 -52.82 ± 7.82 -57.15, -48.49 3.88 ± 9.74 -1.74, 9.51 0.50 0.34 
Peak  CON -48.48 ± 12.14 -55.20, -41.76 -48.86 ± 10.86 -55.12, -42.59 -1.45 ± 11.46 -8.07, 5.17   
 Hip adduction INT 0.01 ± 4.46 -2.57, 2.59 -0.73 ± 3.26 -2.54, 1.07 -0.76 ± 4.35 -3.27, 1.75 0.04 0.85 
  CON 1.40 ± 4.07 -0.86, 3.65 0.42 ± 5.83 -2.95, 3.19 -0.95 ± 4.45 -3.52, 1.62   
 Hip abduction INT 5.97 ± 3.67 -8.09, -3.85 -6.73 ± 2.91 -2.54, 1.07 -0.74 ± 4.33 -3.24, 1.76 -0.06 0.89 
  CON -6.01 ±2.60 -7.47, -4.59 -6.59 ± 4.35 -9.10, -4.08 -0.47 ±4.81 -3.24, 2.30   
 Hip internal rotation INT 9.41 ±5.57 6.19, 12.62 9.97 ± 5.91 6.70, 13.24 0.43 ± 4.46 -2.15, 3.00 0.08 0.97 
  CON -6.01 ± 2.60 -7.47, -4.59 -6.59 ± 4.35 -9.10, -4.08 0.05 ±4.56 -2.58, 2.68   
 Hip external rotation INT -7.38 ± 5.77 -10.72, -4.05 -6.56 ± 4.26 -8.92. -4.20 0.88 ± 6.18 -2.69, 4.45 0.20 0.65 
  CON -4.54 ± 7.26 -8.56, -0.52 -5.25 ± 7.35 4.61, 12.85 -0.38 ± 6.39 -4.07, 3.31   
Jump-landing Hip flexion INT -25.76 ± 11.78 -32.28, -19.23 -24.72 ± 10.50 -30.56, -18.90 1.04 ± 10.96 -5.03, 7.11 -0.11 0.64 
Displacement  CON -20.84 ± 11.79 -27.65, -14.04 -18.63 ± 8.56 -23.57, -13.69 2.22 ±10.43 -3.81, 10.43   
 Hip adduction INT -1.31 ± 3.39 -3.19, 0.57 -1.80 ± 2.92 -3.42, -0.18 -0.98 ± 1.69 -1.92, -0.05 0.06 0.77 
  CON -0.84 ± 1.89 -1.93, 0.25 -1.46 ± 3.02 -3.21, 0.28 -1.11 ± 2.31 -2.44, 0.23   
 Hip abduction INT 5.18 ± 2.46 3.82, 6.54 4.20 ± 2.02 3.08, 5.32 -0.49 ± 3.66 -2.52, 1.54 0.04 0.77 
  CON 6.65 ± 2.91 4.97, 8.33 5.55 ± 2.68 3.40, 7.10 -0.63 ± 3.37 -2.57, 1.32   
 Hip internal rotation INT 11.81 ± 6.11 8.42, 15.19 9.46 ± 6.36 6.23, 13.28 -2.05 ± 6.23# -2.05, -5.50 -0.47 0.25 
  CON 6.52 ± 5.14 3.56, 9.49 7.43 ± 6.59 3.63, 11.24 0.91 ± 6.28 -2.72, 4.53   
 Hip external rotation INT -5.77 ± 4.09 -8.04, -3.51 -6.77 ± 4.16 -9.07, -4.46 -1.00 ± 3.46 -2.91, 0.92 -0.39 0.259 
  CON -7.02 ± 5.49 -10.19, -3.85 -6.54 ± 7.30 -10.76, -2.33 0.48 ± 4.02 -1.84, 2.80   
SD=standard deviation, CI=confidence interval. 
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Table 21. Knee kinematics change difference baseline and post-training (Unadjusted values) – Jump-landing 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P 
value 
Jump-landing Knee flexion INT 26.21 ±  5.50 23.03, 29.39 22.63 ± 4.81 19.80, 25.46 -1.50 ± 5.59 -4.59, 1.60 0.27 0.70 
Initial contact  CON 25.65 ± 6.32 22.15, 29.16 24.94 ± 4.90 22.27, 27.60 -2.19 ± 4.85 -5.00, 0.61   
 Knee vvalgus INT -3.98 ± 3.84 -6.20, -1.75 -0.81 ± 3.15 -2.55, 0.93 2.96 ± 3.81 0.84, 5.07 0.38 0.57 
  CON -3.04 ± 4.00 -5.25, -0.83 -1.08 ± 3.93 -3.35, 1.19 1.69 ± 2.88 0.02, 1.60   
 Knee internal rotation INT -18.60 ± 7.43 -22.90, -14.32 -17.02 ± 5.26 -19.93, -14.10 2.49 ± 9.20 -2.61, 7.58 0.23 0.53 
  CON -18.04 ± 5.70 -22.20, -4.88 -17.07 ± 4.33 -19.58, -14.57 0.80 ± 4.77 -1.95, 3.55   
 Frontal plane  INT 3.12 ± 4.36 0.71, 5.54 -0.40 ± 4.13 -2.68, 1.89 -3.52 ± 3.93 -5.70, -1.34 0.29 0.77 
 Projection angle CON 5.11 ± 5.32 2.04, 8.18 1.43 ± 4.46 -1.13, 4.01 -3.04 ± 4.76 -5.68, -0.40   
Jump-landing Knee flexion INT 86.23 ± 13.83 78.25, 94.22 83.33 ± 9.95 77.82, 88.84 -2.23 ± 12.48 -9.44, 4.97 -0.34 0.46 
Peak  CON 77.17 ± 9.87 71.71, 82.64 77.71 ± 13.65 69.83, 85.59 1.69 ± 10.58 -4.42, 7.80   
 Knee extension INT 1.07 ± 5.43 -2.06, 4.21 -0.82 ± 5.06 -3.62, 1.99 -1.47 ± 5.75 -4.79, 1.85 0.81 0.12 
  CON 4.21 ± 8.60 -0.55, 9.00 -2.12 ± 4.33 -4.62, 0.39 -6.40 ± 6.35# -10.06, -2.74   
 Knee varus INT 3.29 ± 6.38 -0.40, 6.97 -7.92 ± 5.76 4.73, 11.12 4.65 ± 6.38# 0.97, 8.33 0.45 0.21 
  CON 0.62 ± 6.23 -2.83, 4.08 2.26 ± 6.98 -1.78, 6.29 2.22 ±4.23 -0.22, 4.66   
 Knee valgus INT -9.40 ± 4.43 -11.96, -6.84 -6.77 ± 2.34 -8.07, -5.47 2.66 ± 3.70# 0.52, 4.79 0.76 0.12 
  CON -8.81 ± 5.10 -11.63, -5.98 -8.97 ± 3.71 -11.121, -6.38 -0.37 ± 4.25 -2.82, 2.09   
 Knee internal rotation INT -12.76 ± 5.53 -15.96, -9.57 -11.76 ± 4.25 -14.212, -9.41 0.52 ± 6.31 -3.12, 4.16 0.02 0.73 
  CON -11.67 ± 4.64 -14.24, -9.10 -11.05 ± 4.35 -13.56, -8.54 0.39 ± -5.59 -2.84, 3.62   
 Knee external rotation INT -24.87 ± 8.86 -29.98, -19.83 -23.11 ± 6.07 -26.47, -19.74 1.58 ± 8.47 -3.31, 6.48 0.03 0.48 
  CON -23.50 ± 6.63 -27.17, -19.83 -22.17 ± 5.75 -25.48, -18.85 -1.33 ± 7.50 -3.00, 5.66   
 Frontal plane  INT 8.72 ± 4.78 6.07, 11.36 4.42 ± 4.54 1.91, 6.94 -4.29 ± 4.05# -6.54, -2.05 0.49 0.33 
 Projection angle-max CON 11.92 ± 6.61 8.10, 15.74 8.59 ± 5.78 5.25, 11.93 -1.62 ± 6.49 -6.53, 5.37   
Jump-landing Knee flexion INT 59.01 ± 14.31 51.09, 66.94 58.40 ± 9.90 52.91, 63.88 -0.62 ± 12.13 -7.33, 6.10 -0.39 0.33 
Displacement  CON 51.20 ± 9.47 45.73, 56.67 55.08 ± 14.19 46.89, 63.27 3.88 ± 11.14 -2.55, 10.31   
 Knee extension INT 7.27 ± 5.43 4.13, 10.40 8.74 ± 4.79 6.08, 11.39 1.51 ± 4.90 -1.20, 4.22 -0.47 0.45 
  CON 3.66 ± 5.26 0.75, 6.58 3.33 ± 3.40 1.37, 5.29 0.53 ± 3.74 -1.62, 2.69   
 Knee varus INT -5.42 ± 2.89 -7.09, -3.76 -5.96 ± 3.76 -8.04, -3.87 -0.41 ± 2.35 -1.71, 0.89 0.56 0.25 
  CON -5.77 ± 4.06 -8.01, -3.52 -7.89 ± 4.39 -7.89, -10.43 -2.05 ± 4.37 -4.58, 0.47   
 Knee valgus INT 5.85 ± 3.08 4.07, 7.62 5.25 ± 2.78 3.71, 6.79 -1.27 ± 4.13 -3.56, 1.02 -0.24 0.49 
  CON 6.37 ± 2.70 4.87, 7.86 6.02 ± 3.54 3.98, 8.07 -0.41 ± 2.91 -2.01, 1.27   
 Knee internal rotation INT -6.26 ± 4.33 -8.76, -3.76 -6.09 ± 4.59 -8.63, -3.55 1.09 ± 5.69 -2.06, 4.24 0.10 0.79 
  CON -5.46 ± 4.59 -8.00, -2.91 -5.09 ± 6.63 -8.92, -1.26 0.52 ± 5.54 -2.67, 3.72   
 Frontal plane  INT 5.54 ± 3.83 3.41, 7.65 4.82 ± 2.63 3.36, 6.28 -0.72 ± 3.86 -2.85, 1.42 -0.50 0.18 
 Projection angle-max CON 6.30 ± 3.49 4.28, 3.81 7.16 ± 3.87 4.92, 9.39 1.23 ± 3.89 -0.92, 3.38   
SD=standard deviation, CI=confidence interval. 
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Table 22. Ankle dorsiflexion kinematics change difference baseline and post-training (Unadjusted values) – Jump-landing 
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size 
P 
value 
Jump-Landing INT 34.95 ± 8.86 29.83, 40.06 37.48 ± 7.80 33.16, 41.80 4.87 ± 13.23 -2.45, 12.18 0.47 0.22 
Initial contact CON 36.80 ± 8.78 31.93, 41.66 37.90 ± 10.43 31.87, 43.92 -0.20 ± 7.87 -4.75, 4.34   
Jump-landing INT 14.61 ±  14.68 6.25, 22.98 21.24 ± 9.89 15.76, 26.71 6.79 ± 14.13 -1.37, 14.95 -0.12 0.84 
Peak CON 14.05 ± 12.44 7.16, 20.94 22.09 ± 7.88 17.54, 26.64 8.37 ± 11.70 1.61, 15.12   
Jump-landing INT -10.03 ± 22.87 -23.24, 3.17 -7.70 ± 13.00 -14.90, -0.50 1.66 ± 17.73 -8.16, 11.48 -0.45 0.24 
Displacement CON -11.46 ± 21.15 -23.17, 0.25 -1.78 ± 6.79 -14.40, 10.85 8.67 ± 12.85 1.25, 16.09   
SD=standard deviation, CI=confidence interval. 
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Table 23. Hip kinematics change difference (Adjusted values) – Running 
Task Variables Group Unadjusted 
 
Adjusted Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Running 
Start 
Hip flexion  INT -1.08  7.80 -2.83 2.36 -7.74, 2.09 0.47 0.394 -0.33 0.239 -0.24 0.243 0.000 0.986 0.00 
CON -3.76  8.06 -2.77 2.17 -7.29, 1.75 
Hip adduction INT 0.10  3.31 0.50 0.93 -1.43, 2.44 0.16 0.461 0.06 0.496 -0.07 0.410 0.14 0.714 0.01 
CON -0.10  2.64 0.02 0.86 -1.76, 1.79 
Hip internal 
rotation* 
INT 1.90  4.42 2.86 1.75 -0.76, 6.50 0.24 0.555 -0.04 0.849 0.18 0.228 9.47 0.006 0.31 
CON -4.32  6.38 -4.73 1.61 -8.08, -1.39 
Running 
Peak 
Hip flexion  INT -2.47  -2.47  -4.50 1.91 -8.48, -0.52 0.34 0.448 -0.28 0.22 -0.16 0.32 0.38 0.543 0.02 
CON 2.76  2.76  -2.83 1.76 -6.49, 0.83 
Hip adduction INT -2.35  -2.35  0.72 1.31 -2.02, 3.45 0.14 0.639 0.09 0.572 0.14 0.863 0.13 0.725 0.01 
CON -0.65  -0.65  1.38 1.21 -1.14, 3.89 
Hip abduction INT -0.22  -0.22  0.53 0.93 -1.40, 2.45 -0.12 0.57 -0.01 0.903 -0.01 0.909 0.09 0.769 0.00 
CON -0.81  -0.81  0.14 0.85 -1.63, 1.91 
Hip internal  
Rotation* 
INT 1.42  1.42  2.88 1.68 -0.62, 6.38 0.28 0.483 -0.05 0.784 0.19 0.187 9.99 0.005 0.32 
CON -.09  -.09  -4.63 1.55 -7.85, -1.41 
Hip external 
rotation 
INT 2.36  2.36  -1.67 1.43 -4.63, 1.30 -0.18 0.588 -0.32 0.068 0.07 0.552 0.37 0.548 0.02 
CON -0.31  -0.31  -0.44 1.31 -3.16, 2.29 
Running 
DSP 
Hip flexion  INT -2.48  -2.48  -1.67 1.60 -5.01, 1.67 -0.13 0.721 0.05 0.777 0.07 0.583 0.51 0.485 0.02 
CON 2.02  2.02  -0.06 1.48 -3.13, 3.01 
Hip adduction INT -2.56  -2.56  0.21 0.89 -1.65, 2.07 -0.02 0.936 0.01 0.903 0.08 0.270 0.83 0.373 0.04 
CON -0.04  -0.04  1.36 0.82 -0.35, 3.07 
Hip abduction INT -0.43  -0.43  0.02 1.01 -2.08, 2.13 -0.28 0.234 0.09 0.462 0.06 0.512 0.005 0.945 0.00 
CON -0.20  -0.20  0.12 0.93 -1.81, 2.06 
Hip internal  
rotation 
INT -0.52  -0.52  0.02 0.17 -0.32, 0.36 0.04 0.364 -0.02 0.441 0.01 0.455 0.12 0.736 0.001 
CON 0.50  0.50  0.10 0.15 -0.22, 0.42 
Hip external 
rotation* 
INT 0.42  0.42  -4.53 1.82 -8.32, -0.73 -0.42 0.327 -0.28 0.201 -0.11 0.481 11.74 0.003 0.36 
CON 0.28  0.28  4.23 1.68 0.80, 7.79 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. *indicates significant difference. 
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Table 24. Knee kinematics change difference (Adjusted values) – Running 
Task Variables Group Mean Adjusted  Covariates F p-
value 
2 
   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value    
Running 
Start 
Knee flexion  INT 1.78  4.09 2.61 1.27 -0.03, 5.26 0.26 0.384 0.14 0.340 0.02 0.857 1.46 0.240 0.07 
CON 0.60  4.25 0.45 1.17 -1.99, 2.88 
Knee valgus* INT 2.76  3.61 3.50 0.96 1.51, 5.49 -0.001 0.995 -0.22 0.061 0.12 0.163 6.28 0.020 0.23 
CON 0.21  3.19 0.12 0.88 -1.72, 1.95 
Knee internal 
rotation 
INT -0.55  7.53 -0.46 1.88 -4.37, 3.46 0.11 0.799 -0.34 0.141 -0.19 0.245 0.84 0.371 0.04 
CON 1.16  5.15 1.97 1.73 -1.63, 5.58 
FPPA INT -2.32  4.23 -2.88 1.28 -5.54, -0.22 0.10 0.746 0.25 0.112 0.05 0.613 1.30 0.267 0.06 
CON -0.75  4.15 -0.83 1.18 -3.27, 1.62 
Running 
Peak 
Knee flexion  INT 3.97  7.83 5.17 2.56 -0.15, 10.50 0.06 0.916 0.28 0.360 0.18 0.401 0.98 0.333 0.05 
CON 2.32  7.75 1.59 2.36 -3.31, 6.49 
Knee varus* INT 2.82  3.93 3.75 1.00 1.67, 5.84 0.04 0.854 -0.23 0.063 0.172 0.051 7.14 0.014 0.25 
CON 0.21  3.42 -0.03 0.92 -1.94, 1.89 
Knee valgus* INT 3.45  5.67 4.08 1.18 1.63, 6.53 -0.11 0.681 -0.32 0.031 0.11 0.293 7.93 0.010 0.27 
CON -0.61  2.52 -0.61 1.09 -2.86, 1.65 
Knee internal 
rotation 
INT 0.49  7.80 0.69 1.71 -2.87, 4.24 0.29 0.472 -0.44 0.040 -0.15 0.308 0.06 0.810 0.003 
CON 0.44  4.31 1.27 1.57 -2.00, 4.55 
Knee external 
rotation 
INT 0.23  9.24 0.68 2.10 -3.68, 5.05 0.15 0.756 -0.60 0.022 -0.08 0.646 0.19 0.669 0.009 
CON 1.17  4.95 1.96 1.93 -2.05, 5.98 
FPPA-max INT -2.22  4.46 -2.76 1.20 -5.26, -0.26 0.07 0.809 0.27 0.070 -0.027 0.240 1.46 0.240 0.07 
CON -0.54  3.49 -0.71 1.11 -3.01, 1.59 
FPPA-min INT -2.24  4.53 -2.92 1.30 -5.62, -0.22 -0.05 0.878 0.21 0.187 -0.07 0.511 2.12 0.160 0.09 
CON -0.24  3.72 -0.25 1.19 -2.74, 2.23 
Running  
DSP 
Knee flexion  INT 2.19  6.62 2.56 1.95 -1.49, 6.61 -0.20 0.665 0.14 0.559 0.16 0.325 0.27 0.612 0.01 
CON 1.72  5.57 1.15 1.79 -2.58, 4.87 
Knee varus INT 0.06  1.18 0.25 0.31 -0.39, 0.89 0.04 0.539 -0.01 0.813 0.06 0.036 0.81 0.379 0.04 
CON 0.00  0.79 -0.14 0.28 -0.73, 0.45 
Knee valgus INT 0.69  3.24 0.58 0.93 -1.35, 2.51 -0.11 0.606 -0.10 0.378 -0.01 0.905 0.99 0.332 0.05 
CON -0.82  2.67 -0.72 0.85 -2.50, 1.06 
Knee internal 
rotation 
INT 1.03  2.34 1.14 0.76 -0.43, 2.72 0.18 0.321 -0.10 0.268 0.04 0.546 2.97 0.100 0.12 
CON -0.71  2.57 -0.70 0.70 -2.15, 0.75 
Knee external 
rotation 
INT 0.78  3.32 1.14 0.78 -0.47, 2.45 0.04 0.822 -0.27 0.007 0.11 0.115 1.10 0.307 0.05 
CON 0.02  2.48 -0.008 0.78 -0.47, 2.75 
FPPA-max INT 0.10  0.95 -3.24 1.23 -5.79, -0.69 0.16 0.568 -0.08 0.562 0.04 0.704 3.87 0.062 0.15 
CON 0.21  1.15 0.12 1.09 -2.15, 2.38 
FPPA-min INT 0.07  1.64 -0.15 0.44 -1.06, 0.77 -0.10 0.327 0.05 0.356 -0.05 0.208 0.014 0.905 0.001 
CON 0.51  1.62 -0.22 0.39 -1.03, 0.59 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. *indicates significant difference.  
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Table 25. Ankle dorsiflexion kinematics change difference (Adjusted values) – Running 
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 

   Mean SD 
 
Mean SE 
 
95%CI 
 
Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
  
         p-value  p-value  p-value   
Running Start  INT 3.05  6.68 2.95 1.80 -0.79, 6.70 0.61 0.156 -0.072 0.736 0.246 0.114 2.00 0.172 0.09 
CON -0.13  6.53 -0.64 1.66 -4.08, 2.81 
Peak INT -0.35  5.30 0.13 1.43 -2.84, 3.10 0.83 0.020 -0.19 0.257 0.14 0.268 0.28 0.601 0.01 
CON -0.87  4.69 -0.94 1.31 -3.67. 1.79 
Displacement INT -3.40  5.29 -2.82 1.40 -5.73, 0.09 0.22 0.501 -0.12 0.462 -0.11 0.348 1.63 0.22 0.07 
CON -0.74  5.52 -0.30 1.29 -2.98, 2.37 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. *indicates significant difference. 
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Table 26. Hip kinematics change difference baseline and post-training (Unadjusted values) – Running 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Running Hip flexion INT -21.48 ± 7.34 -25.54, -17.41 -22.56 ± 7.22 -26.56, -16.56 -1.08 ± 7.80 -5.40, 3.23 0.34 0.37 
Initial Contact  CON -22.78 ± 7.33 -27.02, -18.55 -26.54 ± 5.58 -29.76, -23.33 -3.76 ± 8.06 -8.41, 0.90   
 Hip adduction INT 4.60 ± 3.85 2.47, 6.74 4.70 ± 4.26 2.34, 7.06 0.10 ± 3.31 -1.74, 1.93 0.07 0.85 
  CON 4.41 ± 4.47 1.83, 6.99 4.30 ± 4.58 1.66, 6.95 -0.10 ± 2.64 -1.63, 1.42   
 Hip internal rotation* INT 5.04 ± 5.53 1.98, 8.10 6.95 ± 5.98 3.63, 10.26 1.90 ± 4.42 -0.54, 4.35 1.13 0.005 
  CON 8.96 ± 5.19 5.96, 11.96 4.63 ± 5.23 1.61, 7.65 -4.32 ± 6.38 -8.00, -0.64   
Running Hip flexion INT -48.44 ± 14.96 -56.73, -40.16 -50.91 ± 13.13 -58.18, -43.64 -2.47 ± 13.40 -9.89, 4.95 -0.49 0.21 
Peak  CON -45.88 ± 15.19 -55.05, -36.70 -43.11 ± 19.69 -55.01, -31.22 2.76 ± 6.67 -1.26, 6.79   
 Hip adduction INT 18.68 ± 5.37 15.71, 21.66 16.33 ± 6.80 12.57, 20.10 -2.35 ± 7.01 -6.23, 1.53 -0.27 0.48 
  CON 18.42 ± 5.46 15.12, 21.72 17.77 ± 5.87 14.22, 21.31 -0.65 ± 5.37 -3.90, 2.59   
 Hip abduction INT 3.99 ± 3.46 2.07, 5.90 3.77 ± 3.93 1.60, 5.94 -0.22 ± 3.86 -2.36, 1.92 0.13 0.70 
  CON 4.38 ± 3.05 2.54, 6.22 3.57 ± 3.66 1.36, 5.78 -0.81 ± 4.09 -3.28, 1.66   
 Hip internal rotation INT 3.96 ± 4.63 1.40, 6.53 5.39 ± 4.81 2.72, 8.05 1.42 ± 4.77 -1.22, 4.06 0.37 0.34 
  CON 7.04 ± 4.73 4.18, 9.89 6.95 ± 5.15 3.84, 10.06 -.09 ± 3.15 -1.99, 1.81   
 Hip external rotation INT -3.90 ± 5.13 -6.74, -1.06 -1.54 ± 4.61 -4.10, 1.01 2.36 ± 5.92 -0.92, 5.63 0.52 0.16 
  CON -0.31 ± 4.14 -2.81, 2.19 -0.62 ± 3.64 -2.81, 1.58 -0.31 ± 4.14 -2.29, 1.67   
Running Hip flexion INT -44.39 ± 13.18 -51.69, -37.09 -46.86 ± 12.77 -53.93, 53.93 -2.48 ± 9.19 -7.56, 2.61 -0.61 0.13 
Displacement  CON -42.21 ± 15.04 -51.30, -33.12 -40.19 ± 16.25 -50.01, -30.38 2.02 ± 5.24 -1.15, 5.19   
 Hip adduction INT 14.23 ± 5.20 11.35, 17.11 11.66 ± 4.97 8.91, 14.42 -2.56 ± 5.62 -5.68, 0.55 -0.52 0.19 
  CON 13.51 ± 5.16 10.39, 16.64 13.47 ± 5.25 10.30, 16.65 -0.04 ± 3.90 -2.40, 2.31   
 Hip abduction INT -0.47 ± 0.49 -0.74, -0.20 -0.90 ± 1.32 -1.63, -0.17 -0.43 ± 1.11 -1.04, 0.18 0.31 0.63 
  CON -0.53 ± 0.99 -1.13, 0.07 -0.73 ± 0.79 -1.20, -0.25 -0.20 ± 1.38 -1.04, 0.64   
 Hip internal rotation INT 5.73 ± 2.68 4.24, 7.22 5.21 ± 3.40 3.33, 7.09 -0.52 ± 1.54 -1.90, 0.85 -0.36 0.40 
  CON 6.31 ± 2.94 4.54, 8.09 6.82 ± 3.87 4.48, 9.16 0.50 ± 3.76 -1.78, 2.78   
 Hip external rotation INT -2.14 ± 3.64 -4.15, -0.12 -1.72 ± 1.65 -2.64, -0.81 0.42 ± 4.06 -1.83, 2.66 0.05 0.91 
  CON -1.03 ± 1.57 -1.98, -0.09 -0.75 ± 0.62 -1.12, -0.38 0.28 ± 1.54 -0.65, 1.22   
SD=standard deviation, CI=confidence interval. *indicates significant difference.  
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Table 27. Knee kinematics change difference baseline and post-training (Unadjusted values) – Running 
 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P value 
Running Knee flexion INT 13.30 ± 5.69 10.15, 16.45 15.08 ± 4.40 12.64, 17.51 1.78 ± 4.09 -0.49, 4.05 0.28 0.453 
Initial contact  CON 14.77 ± 4.41 12.22, 17.32 15.37 ± 3.46 13.37, 17.37 0.60 ± 4.25 -1.86, 3.06   
 Knee valgus INT -4.55 ± 4.67 -7.14, -1.96 -1.79 ± 2.75 -3.31, -0.27 2.76 ± 3.61# 0.76, 4.76 0.75 0.055 
  CON -1.72 ± 4.19 -4.14, 0.70 -1.51 ± 3.39 -3.47, 0.45 0.21 ± 3.19 -1.63, 2.05   
 Knee internal rotation INT -10.71 ± 5.96 -14.01, -7.42 -11.23 ± 5.59 -14.36, -8.16 -0.55 ± 7.53 -4.72, 3.62 -0.27 0.467 
  CON -12.66 ± 7.11 -16.77, -8.56 -11.51 ± 7.08 -15.60, -7.42 1.16 ± 5.15 -1.82, 4.13   
 Frontal plane  INT 10.58 ± 5.23 7.68, 13.47 13.63 ± 8.29 9.04, 18.22 -2.32 ± 4.23 -4.66, 0.03 -0.37 0.324 
 Projection angle CON 11.85 ± 7.00 7.81, 16.89 11.72 ± 4.65 9.03, 14.40 -0.75 ± 4.15 -3.15, 1.65   
Running Knee flexion INT 37.51 ± 10.01 31.97, 43.06 41.48 ± 4.90 38.77, 44.20 3.97 ± 7.83 -0.37, 8.30 0.21 0.57 
Peak  CON 38.05 ± 7.76 33.57, 42.53 40.37 ± 4.76 37.63, 43.12 2.32 ± 7.75 -2.15, 6.80   
 Knee varus INT -3.76 ± 4.96 -6.50, -1.01 -0.94 ± 2.79 -2.48, 0.61 2.82 ± 3.93# 0.65, 5.00 0.71 0.068 
  CON -1.45 ± 4.48 -4.03, 1.14 -1.24 ± 3.41 -3.21, 0.73 0.21 ± 3.42 -1.77, 2.18   
 Knee valgus* INT -8.07 ± 5.16 -10.93, -5.21 -4.62 ± 2.86 -6.21, -3.04 3.45 ± 5.67*# 0.31, 6.58 0.93 0.021 
  CON -5.04 ± 2.74 -6.62, -3.46 -5.65 ± 3.19 -7.49, -3.81 -0.61 ± 2.52 -2.07, 0.85   
 Knee internal rotation INT -7.59 ± 5.99 -10.91, -4.27 -7.10 ± 5.59 -10.20, -4.01 0.49 ± 7.80 -3.83, 4.81 0.01 0.99 
  CON -7.07 ± 4.42 -9.62, -4.52 -6.62 ± 5.30 -9.68, -3.56 0.44 ± 4.31 -2.05, 2.93   
 Knee external rotation INT -13.90 ± 7.79 -18.21, 9.59 -13.67 ± 6.07 -17.03, -10.31 0.23 ± 9.24 -4.88, 5.35 -0.13 0.74 
  CON -14.40 ± 5.40 -17.51, -11.28 -13.23 ± 5.75 -16.54, -9.91 1.17 ± 4.95 -1.69, 4.03   
 Frontal plane  INT 7.19 ± 5.79 3.99, 10.40 4.97 ± 4.07 3.27, 6.68 -2.22 ± 4.46 -4.69, 0.25 -0.42 0.271 
 Projection angle-max CON 5.70 ± 5.11 2.74, 8.65 5.16 ± 4.75 2.42, 7.90 -0.54 ± 3.49 -2.55, 1.47   
 Frontal plane  INT 3.38 ± 5.30 0.45, 6.32 1.14 ± 3.42 -0.76, 3.30 -2.24 ± 4.53 -4.75, 0.27 -0.48 0.207 
 Projection angle -min CON 1.64 ± 5.62 -1.60, 4.89 1.40 ± 4.84 -1.40, 4.20 -0.24 ± 3.72 -2.39, 1.90   
Running Knee flexion INT 24.22 ± 8.32 19.61, 28.82 26.41 ± 5.04 23.62, 29.02 2.19 ± 6.62 -1.48, 5.86 0.08 0.839 
Displacement  CON 23.28 ± 6.07 19.78, 26.78 25.00 ± 5.25 21.97, 28.04 1.72 ± 5.57 -1.49, 4.94   
 Knee varus INT 0.79 ± 1.55 -0.07, 1.65 0.85 ± 0.93 0.33, 1.37 0.06 ± 1.18 -0.59, 0.71 0.06 0.862 
  CON 0.27 ± 0.61 -0.08, 0.63 0.27 ± 0.54 -0.04, 0.58 0.00 ± 0.79 -0.46, 0.45   
 Knee valgus INT -3.52 ± 3.07 -5.22, -1.82 -2.84 ± 2.50 -4.22, -1.45 0.69 ± 3.24 -1.11, 2.48 0.51 0.185 
  CON -3.32 ± 3.19 -5.61, -1.47 -4.14 ± 1.80 -5.18, -3.10 -0.82 ± 2.67 -2.36, 0.72   
 Knee internal rotation INT 3.12 ± 2.14 1.94, 4.31 4.16 ± 2.29 2.89, 5.42 1.03 ± 2.34 -0.26, 2.32 0.71 0.066 
  CON 5.60 ± 4.12 3.22, 7.97 4.89 ± 3.66 2.77, 7.00 -0.71 ± 2.57 -2.19, 0.77   
 Knee external rotation INT -3.19 ± 3.47 -5.11, -1.26 -2.41 ± 3.41 -4.30, -0.52 0.78 ± 3.32 -1.06, 2.62 0.19 0.492 
  CON -1.73 ± 2.78 -3.34, -0.13 -1.72 ± 2.30 -3.04, -0.39 0.02 ± 2.48 -1.41, 1.45   
 Frontal plane  INT 0.82 ± 1.17 0.17, 1.47 0.92 ± 1.12 0.30, 1.54 0.10 ± 0.95 -0.44, 0.64 -0.10 0.781 
 Projection angle-max CON 1.53 ± 1.65 0.59, 2.49 1.75 ± 0.94 0.95, 2.57 0.21 ± 1.15 -0.45, 0.87   
 Frontal plane  INT -2.99 ± 2.16 -4.19, -1.79 -2.92 ± 1.95 -4.00, -1.84 0.07 ± 1.64 -0.83, 0.98 -0.27 0.481 
 Projection angle -min CON -2.51 ± 2.23 -3.79, -1.22 -2.00 ± 1.84 -3.06, -0.94 0.51 ± 1.62 -0.43, 1.44   
SD=standard deviation, CI=confidence interval. *indicates significant difference.  
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Table 28. Ankle dorsiflexion kinematics change difference baseline and post-training (Unadjusted values) – Running 
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size P value 
Running INT 10.58 ± 5.23 7.68, 13.47 13.63 ± 8.29 9.04, 18.22 3.05 ± 6.68 -0.65, 6.75 0.48 0.206 
Start CON 11.85 ± 7.00 7.81, 16.89 11.72 ± 4.65 9.03, 14.40 -0.13 ± 6.53 -3.90, 3.64   
Running INT 1.39 ± 6.31 -2.11, 4.88 1.04 ± 5.46 -1.99, 4.06 -0.35 ± 5.30 -3.29, 2.58 0.10 0.784 
Peak CON 0.04 ± 6.27 -3.58, 3.66 -0.82 ± 5.51 -4.00, 2.36 -0.87 ± 4.69 -3.57, 1.84   
Running INT -9.19 ± 6.39 -12.73, -5.65 -12.59 ± 7.50 -16.74, -8.44 -3.40 ± 5.29# -6.33, -0.48 -0.49 0.195 
Displacement CON -11.81 ± 8.15 -16.51, -7.10 -12.54 ± 4.69 -15.25, -9.83 -0.74 ± 5.52 -3.92, 2.45   
SD=standard deviation, CI=confidence interval. *indicates significant difference.  
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Table 29. Frontal plane peak knee moment change difference (Nm/h*m) 
Task Variables Group Baseline   Post-training Change score p-value ES 
   Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI   
Double-leg  Knee varus INT 0.035 0.082 -0.011, 0.081 0.095 0.137 0.019, 0.171 0.028 0.100 -0.028, 0.084 0.701 0.15 
 CON 0.154 0.178 0.051, 0.256 0.136 0.221 0.008, 0.264 0.010 0.141 -0.068, 0.089   
Knee valgus INT -0.095 0.113 -0.158, -0.033 -0.145 0.110 -0.206, -0.085 -0.044 0.134 -0.118, 0.031 0.400 -0.09 
 CON -0.055 0.177 -0.157, 0.048 -0.149 0.186 -0.256, -0.041 -0.003 0.124 -0.072, 0.065   
SLS Knee varus INT 0.268 0.166 0.176, 0.360 0.217 0.142 0.138, 0.296 -0.051 0.178 -0.150, 0.048 0.340 -0.36 
 CON 0.257 0.326 0.060, 0.454 0.284 0.295 0.106, 0.462 0.027 0.245 -0.121, 0.176   
Knee valgus INT -0.034 0.131 -0.107, 0.038 -0.045 0.156 -0.131, 0.041 -0.011 0.162 -0.101, 0.079 0.859 -0.38 
 CON 0.034 0.329 -0.165, 0.233 0.008 0.262 -0.150, 0.166 -0.026 0.272 -0.190, 0.139   
Jump-landing Knee varus INT 0.032 0.057 0.000, 0.064 0.074 0.054 0.044, 0.104 0.018 0.057 0.010, 0.074 0.348 -0.12 
 CON 0.006 0.060 -0.028, 0.041 0.031 0.070 -0.010, 0.071 0.024 0.039 0.0017, 0.047   
Knee valgus* INT -0.076 0.046 -0.101, -0.051 -0.037 0.017 -0.047, -0.028 0.149 0.070 0.113, 0.186 0.05 0.71 
 CON -0.079 0.054 -0.110, -0.047 -0.058 0.047 -0.085, -0.031 0.102 0.062 0.070, 0.141   
Running  Knee varus INT -0.035 0.049 -0.061, -0.008 -0.007 0.026 -0.022, 0.007 0.027 0.041 -0.005, 0.050 0.092 0.65 
 CON -0.016 0.046 -0.043, 0.011 -0.012 0.041 -0.035, 0.012 0.004 0.029 -0.013, 0.021   
Knee valgus INT -0.053 0.056 -0.114, -0.052 -0.052 0.029 -0.069, -0.036 0.030 0.054 0.0004, 0.060 0.119 0.060 
 CON -0.068 0.047 -0.095, -0.041 -0.065 0.048 -0.093, -0.037 0.003 0.034 -0.016, 0.023   
SD=standard deviation, CI=confidence interval. *indicate significant difference between the groups. 
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Table 30. Reliability of otion analyses 
    DLS SLS JL RUN 
    ICC 3,k SEM ICC 3,k SEM ICC 3,k SEM ICC 3,k SEM 
Start/IC Hip flexion 0.934 1.85 0.719 3.97 0.206 5.67 0.350 5.50 
 
Hip adduction 0.541 1.84 0.459 2.11 0.485 2.30 0.913 1.14 
 
Hip internal rotation 0.491 2.15 0.776 1.98 0.820 2.54 0.326 4.59 
 
Knee flexion 0.514 3.93 0.864 1.74 0.798 1.94 0.608 3.12 
 
Knee valgus 0.544 2.42 0.034 2.94 0.714 1.91 0.800 2.02 
 
Knee internal rotation 0.779 5.95 0.830 5.80 0.741 3.50 0.851 2.45 
 
Ankle dorsiflexion 0.866 1.30 0.864 1.74 0.659 4.79 0.585 4.15 
  FPPA 0.807 1.86 0.701 2.06 0.668 2.50 0.856 2.22 
Peak Hip flexion 0.868 6.06 0.954 3.21 0.687 7.21 0.376 5.16 
 
Hip adduction 0.815 1.91 0.775 2.62 0.757 2.14 0.695 2.40 
 
Hip abduction 0.410 2.76 0.502 2.28 0.207 2.91 0.841 1.39 
 
Hip internal rotation 0.813 3.45 0.804 2.16 0.852 2.98 0.337 4.43 
 
Hip external rotation 0.788 1.61 0.770 2.39 0.760 3.37 0.652 2.54 
 
Knee flexion 0.895 4.16 0.859 2.44 0.753 6.37 0.428 6.97 
 
Knee valgus 0.782 4.00 0.852 1.78 0.873 2.09 0.785 2.14 
 
Knee varus 0.847 1.16 0.883 2.35 0.665 2.60 0.783 2.10 
 
Knee internal rotation 0.488 3.16 0.740 2.11 0.432 3.86 0.769 2.48 
 
Knee external rotation 0.611 4.98 0.812 3.39 0.469 6.77 0.758 3.38 
 
Ankle dorsiflexion 0.888 1.14 0.790 1.70 0.369 4.97 0.761 4.83 
 
FPPA-max 0.364 3.39 0.759 2.46 0.691 3.16 0.863 1.90 
  FPPA-min 0.440 3.02 0.677 2.27 0.653 2.75 0.864 1.77 
Displacement Hip flexion 0.893 5.48 0.969 2.48 0.648 7.25 0.169 1.92 
 
Hip adduction 0.912 1.00 0.858 1.94 0.759 1.33 0.800 1.29 
 
Hip abduction 0.429 2.30 0.180 0.73 0.166 2.44 0.745 1.58 
 
Hip internal rotation 0.692 4.27 0.504 2.04 0.624 3.68 0.182 0.41 
 
Hip external rotation 0.766 0.63 0.327 2.41 0.897 1.54 0.301 4.39 
 
Knee flexion 0.857 5.54 0.669 4.74 0.718 6.38 0.677 4.25 
 
Knee valgus 0.822 3.79 0.868 2.16 0.081 2.46 0.868 1.15 
 
Knee varus 0.782 2.05 0.621 2.90 0.747 1.79 0.621 1.96 
 
Knee internal rotation 0.792 6.50 0.841 6.96 0.432 2.43 0.878 1.11 
 
Knee external rotation 0.797 7.02 0.837 7.95 0.469 3.81 0.707 1.68 
 
Ankle dorsiflexion 0.955 1.70 0.764 1.70 0.478 1.55 0.800 3.67 
 
FPPA-max 0.460 3.11 0.829 3.32 0.656 2.21 0.835 0.61 
  FPPA-min 0.556 3.11 0.734 0.97 0.493 2.55 0.817 0.93 
ICC = intra-class coefficient, SEM = standard error of measurement, FPPA = frontal plane projection angle. 
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Figure 1. Testing procedures 
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Figure 2. Screening variable – Medial knee displacement  
Knees are medially displaced. 
 
 
Knees are NOT medially displaced. 
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Figure 3. Screening variables- Bony deformities 
Figure 3-a. Forefoot varus angle 
 
 
Figure 3-b. Femoral antetorsion 
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Figure 3-c. External tibial torsion 
 
 
Figure 3-d. Femoral antetorsion measured with a diagnostic ultrasound 
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Figure 4. Range of motions measurements 
4-a. Ankle Dorsiflexion with knee extended 
 
 
4-b. Ankle Dorsiflexion with knee flexed 
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4-c. Ankle dorsiflexion with weight bearing 
 
 
4-d. Modified Thomas test with knee flexed 
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4-e Modified Thomas test with knee extended 
 
 
 
 
 
 
 
 
4-f. Hip internal rotation 
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4-g Hip external rotation 
 
 
 
 
 
 
 
 
 
 
4-h. Hip abduction 
 
 
 
 
 
 
 
 
  
 147 
 
Figure 4-i. Straight leg raise 
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Figure 5. Maximal voluntary isometric contraction (MVIC) 
Figure 5-a. Hip abduction 
  
 
Figure 5-b. Hip extension 
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Figure 5-c. Hip external rotation 
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Figure 6. Motion Analysis 
6-a. Double-leg squat 
 
 
 
 
 
 
 
 
 
                Start                            End 
 
6-b. Single-leg squat (bare feet) 
 
 
 
 
 
 
 
 
 
        Start     End 
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6-c. Jump-landing 
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Appendix 1: Health and Activity Questionnaire 
 
HEALTH AND ACTIVITY QUESTIONNAIRE 
 
 
PART 1: Demographics 
 
1. What is your age?      _________________ 
2. What is your gender?      Male            Female 
3. If you were going to kick a ball for maximum 
    distance, which leg would you use?    RIGHT  LEFT 
________________________________________________________________________ 
 
PART 2: Health History 
4. Are you currently in good health?    YES  NO 
5. Have you ever been diagnosed with any cardiac condition  YES  NO 
    (such as tachycardia, bradycardia, fibrillation, heart murmur, etc.)? 
5a. If YES, please explain: 
________________________________________________________________________ 
6. Have you ever been diagnosed with any neurologic 
    condition (such as brain injury, spinal cord injury,  YES  NO 
    Parkinson’s disease, multiple sclerosis, epilepsy, etc.) 
     
    6a. If YES, please explain:  
________________________________________________________________________ 
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7. Have you ever had asthma?     YES  NO 
    7a. If YES, do you still take medications? 
________________________________________________________________________ 
8. Do you have diabetes?     YES  NO 
________________________________________________________________________ 
9. Have you ever been diagnosed with high blood pressure? YES  NO 
    (Greater than 140/90) 
________________________________________________________________________ 
10. Have you ever experienced heat stroke or heat exhaustion? YES  NO 
     10a. If YES, when? 
11. Have you ever needed hospitalization for a non-surgical  YES  NO 
      reason? 
     11a. If YES, why were you hospitalized? 
     11b. If YES, when were you hospitalized? 
________________________________________________________________________ 
12. Have you ever had surgery?     YES  NO 
     12a. If YES, when did you have surgery? 
     12b. If YES, what surgical procedure was performed? 
________________________________________________________________________ 
13. Have you ever felt dizzy, or fainted, during or after exercise?   YES  NO 
     13a. If YES, how often has it occurred? 
     13b. If YES, when was the last time this occurred? 
________________________________________________________________________ 
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14. Are you currently taking any medications (prescription or  YES  NO 
     non-prescription)? 
     14a. If YES, please explain: 
________________________________________________________________________ 
15. Have you experienced an infectious disease (such as    YES  NO 
     mononucleosis, pneumonia, hepatitis, influenza, strep throat) 
     in the past year (this excludes the common cold)? 
________________________________________________________________________ 
16. Do you have any drug, latex, or food allergies?   YES  NO 
     16a. If YES, please explain: 
________________________________________________________________________ 
17. In the past year, have you been under the care of a    YES  NO 
     physician for ANY reason? 
17a. If YES, please explain: 
________________________________________________________________________ 
PART 3: Family Health History 
18. Has a blood relative ever been diagnosed with any of the following? 
     (If YES, please indicate their relation to you) 
 18a. Any Cardiac Disease     YES  NO 
 18b. Heart Attach (Before age 55)    YES  NO  
 18c. Diabetes (Type I or Type II)    YES  NO 
 18d. Marfan’s Syndrome     YES  NO 
 18e. Aneurysm       YES  NO 
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 18f. High blood pressure     YES  NO 
 18g. Any bone/joint disease (osteoporosis, arthritis,etc.)  YES  NO 
________________________________________________________________________ 
19. Has any blood relative died prior to the age of 50?   YES  NO 
 19a. If YES, please explain reason and age: 
________________________________________________________________________ 
PART 4: Bone and Joint Injury History 
20. Have you ever had a fracture in any part of your body?  YES  NO 
      (if more than one area, list all below) 
 20a. If YES, where? 
 20b. If YES, when? 
 20c. If YES, did it require surgery?    YES  NO 
________________________________________________________________________ 
21. Have you ever had an injury to one of the following joints  
     or body regions (if YES, please explain next to the joint/body  
     region, indicate the date the injury occurred, and indicate the side, 
     circle both Right and Left if you had injury to both sides)?  
 21a. Neck       RIGHT    LEFT 
 21b. Upper back (thoracic spine)    RIGHT    LEFT 
 21c. Lower back (lumbar spine)     RIGHT    LEFT 
 21d. Pelvis       RIGHT    LEFT 
 21e. Shoulder       RIGHT    LEFT 
 21f. Elbow       RIGHT    LEFT 
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21g. Wrist       RIGHT    LEFT 
 21h. Hand/Fingers      RIGHT    LEFT 
 21i. Abdominal wall      YES    NO 
________________________________________________________________________ 
22. Have you ever had any of the following lower body injuries 
     (if YES, please explain next to injury, indicate the date the  
     injury occurred, and indicate the side, circle both Right and  
     Left if you had injury to both sides)? 
 22a. Hip joint sprain      RIGHT   LEFT 
 22b. Hip joint cartilage damage     RIGHT   LEFT 
 22c. Hip bursitis      RIGHT   LEFT 
 22d. Hip flexor strain      RIGHT   LEFT 
 22e. Quadriceps muscle strain     RIGHT   LEFT 
 22f. Hamstring muscle strain     RIGHT   LEFT 
 22g. Groin (hip adductor) strain     RIGHT   LEFT 
 22h. Iliotibial band syndrome (IT band)    RIGHT   LEFT 
 22i. Patellofemoral pain syndrome (anterior knee pain, 
         pain in front of knee, “kneecap” pain)?   RIGHT   LEFT 
 22j. Patella (kneecap) dislocation    RIGHT   LEFT 
 22k. Knee bursitis      RIGHT   LEFT 
 22l. Patellar tendinitis (runner’s knee, jumper’s knee)  RIGHT   LEFT 
 22m. Anterior cruciate ligament (ACL) injury   RIGHT   LEFT 
 22n. Posterior cruciate ligament (PCL) injury   RIGHT   LEFT 
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 22o. Medial collateral ligament (MCL) injury   RIGHT   LEFT 
 22p. Lateral collateral ligament injury    RIGHT   LEFT 
 22q. Meniscus/cartilage injury in the knee   RIGHT   LEFT 
 22r. “Shin splints” (medial tibial stress syndrome)  RIGHT   LEFT 
 22s. Compartment syndrome     RIGHT   LEFT 
 22t. Lateral (inversion) ankle sprain    RIGHT   LEFT 
22u. Medial (eversion) ankle sprain     RIGHT   LEFT 
22v. Bursitis (heel, ankle, or foot)    RIGHT   LEFT 
22w. Tendinitis (Achilles, ankle, foot)     RIGHT   LEFT 
 22x. Bunions       RIGHT   LEFT 
23. Please place a STAR (*) next to any of the above injuries (items 21-22) that caused you to lose 
more than 7 days of practice or competition. 
 
24. Please CIRCLE any of the above injuries (items 21-22) where you saw a doctor. 
 
________________________________________________________________________ 
25. Have you ever worn orthotics in your shoes?   YES  NO 
 25a. If YES, are you currently using orthotics?  YES  NO 
 25b. If YES, are they store-bought?   YES  NO 
________________________________________________________________________ 
26. Are you currently experiencing any symptoms (pain, 
     swelling, etc.) of any lower body, lower back, or abdominal YES  NO 
     wall injury? 
________________________________________________________________________ 
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PART 5: Physical Activity History 
27. On average, how many days do you participate in physical 
     activity per week?       _______________ 
________________________________________________________________________ 
 
28. On average, how many minutes do you exercise per day?               _______________ 
     Please describe the types of physical activity you perform. 
     (running, weight-lifting, stairmaster, elliptical, etc.) 
________________________________________________________________________ 
 
29. Have you ever or do you currently participate in organized  YES  NO 
     athletics? 
  
29a. If you answered YES to the above, please indicate  __________________ 
       what organized sport(s).      __________________ 
        __________________ 
        __________________ 
 
________________________________________________________________________ 
  
29b. Did or do you play at the following levels? 
 
 High school varsity (if yes, # years):    YES  NO 
 
 Travel team/club/AAU/other (if yes, # years):   YES  NO 
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 College varsity intercollegiate (if yes, # years):   YES  NO 
 
 College intramural (if yes, # years):    YES  NO 
 
 Other competitive level (describe):    YES  NO 
________________________________________________________________________ 
 
30. Have you ever participated in high endurance exercise  YES  NO 
     (cross-country, distance running, marathons, triathlons, etc) 
 
 30a. If YES, please explain: 
________________________________________________________________________ 
 
31. Have you, in the past 12 months, participated in any type of    YES  NO 
     plyometric training program (jump training, box training)? 
 
 31a. If YES, please explain: 
________________________________________________________________________ 
 
32. Have you, in the past 12 months, participated in any type of  YES  NO 
     weight training program? 
 
 32a. If YES, please explain: 
________________________________________________________________________ 
 
33. Have you ever participated in an ACL injury prevention   YES  NO 
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     program? 
 
 33a. If YES, please explain when and for how long: 
 
 33b. If YES, please explain the program: 
________________________________________________________________________ 
 
34. Have you ever participated in a core-strengthening program? 
     (abdominal crunches, sit-ups, planks, back extensions,  YES  NO 
     “supermans”, etc.) 
 
 34a. If you answered YES to the above please briefly 
describe the type of core strengthening exercises you  
 have performed:  
 
________________________________________________________________________ 
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Appendix 2: Exercise intervention protocol 
1.  Foam roller exercises 
Exercise Sets and duration 
Calf (a) 1 x 2 min 
IT band (b) 1 x 2 min 
Hip adductors (c) 1 x 2 min 
Lateral hamstrings (d) 1 x 2 min 
 
 The participant will perform same foam roller exercise through the intervention 
period. 
 Move the area over the foam roller. Let form roller on the tight/painful areas for 30 
seconds. 
a. Calf            b. IT band 
 
 
 
 
 
 
 
c. Hip adductors         d. Lateral hamstrings 
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2. Static Stretching 
Exercise Sets and duration 
Calf (a) 2 x 30 sec 
IT band (b) 2 x 30 sec 
Hip adductors (c) 2 x 30 sec 
Lateral hamstrings (d)  2 x 30 sec 
 
Hold each area for 30 seconds. 
 
a. Calf        
  
 
 
 
 
 
 
 
 
b. IT band         
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c. Hip adductors 
 
 
 
 
 
 
 
 
d. Lateral hamstrings 
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3. Isolated strengthening 
Session Exercise set&reps resistance 
week 1 Sitting Ankle plantar flexion & inversion (a) 1x15 Green 
  Prone Leg curl (medial hamstrings) with knee IR (b) 1x15 Green 
  Sidelying hip abduction (c) 1x15 Green 
  Prone hip extension with knee flexed (d) 1x15 Green 
        
Week 2 Sitting Ankle plantar flexion & inversion 2x10 Blue 
  Prone Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Sidelying hip abduction 2x10 Blue 
  Prone hip extension with knee flexed 2x10 Blue 
        
week 3 Heel raises with toes IR (e)  2x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Standing hip abduction (f) 2x10 Green 
  Quadruped hip extension with knee flexed (g) 2x10 Gravity 
        
week4 Heel raises with toes IR 2x12 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x12 Blue 
  Standing hip abduction 2x12 Green 
  Quadruped hip extension with knee flexed 2x12 Gravity 
        
week 5 Heel raises with toes IR 2x15 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x15 Black 
  Standing hip abduction 2x15 Green 
  Quadruped hip extension with knee flexed 2x15 Gravity 
        
Week 6 Heel raises with toes IR 3x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 3x10 Silver 
  Standing hip abduction 3x10 Blue 
  Quadruped hip extension with knee flexed 2x15 Gravity 
IR = Internal rotation, T-band = thera-band, BW = body weight 
 Exercises will be progressed by increasing sets, repetition, and resistance. The 
resistance will be progressed by changing the color of the thera-band in order of 
yellow, red, green, blue, black, and silver.  
 The exercise will be progressed to the next level only when the participant is able to 
perform these exercises with proper form. The subject will perform same exercise 
until she will be able to perform exercises without difficulties. 
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   a. Standing ankle inversion and         b. Prone Leg curl (medial hamstrings) with 
       plantar flexion                          knee internal rotation 
 
 
 
 
 
 
 
   c. Side-lying hip abduction         d. Prone hip extension 
 
 
 
 
 
 
    f. Standing hip abduction 
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g. Quadruped hip extension 
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4. Functional exercise 
Session Exercise set & reps Intensity  
week 1 Double leg squat  2x10   
  Forward step-up 2x10 1 riser 
  Double leg hop to stabilization  2x10 
 
50% distance of 
height 
        
Week 
2 
Double-leg squat- uneven surface  2x10   
  Forward step-up  2x10 2 risers  
  Double leg jump up to stabilization  2x10 1 riser 
        
        
week 3 Single-leg squat  2x10   
  Lateral step-down  
2x10  
(Each side) 
1 riser 
  Double leg box jump to stabilization  2x10 1 riser 
        
        
week4 Single-leg squat (uneven surface)  2x10   
  Lateral step-down  
 
2x10  
(Each side) 
2 risers 
  Double leg box jump to stabilization 2x10 2 risers 
        
week 5 Star Excursion Balance Test  
2x10  
(Each side) 
  
  Lateral hop 2x10 Shoulder width 
  Broad jump to balance (double leg stance) 2x10   
        
Week 
6 
Star Excursion Balance Test (uneven 
surface) 
2x10  
(Each side) 
  
  Lateral hop 2x10 50% of height 
  Broad jump to balance (single leg stance) 2x10   
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a. Squat (progression will be made by changing surface and reps) 
 
 
 
 
 
 
 
 
 
 
b. Single-leg squat 
 
 
 
 
 
 
 
 
 
  
 
Squat tasks will be performed on the flat surface and be progressed by changing the 
surface to uneven surface (shown in above). 
 
 
 
 
 
 
 
 
  
Single-leg squat tasks will be performed on the flat surface and be progressed by 
changing the surface to uneven surface (shown in above). 
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c. Star Excursion Balance Test 
 
 
 
 
 
 
 
 
 
 
d. Double leg hop to stabilize, and double leg jump to stabilize. 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Star Excursion Balance test will be performed on the flat surface (Left) and be progressed 
by changing the surface to uneven surface (Right). 
 
 
 
 
 
 
 
 
Hop to stabilize will be progressed by increasing the jump distance from 50% to 100% of 
the participant’s height (Left). Further progression will be made by landing on a single leg 
from jumping off bilateral limbs (Right). 
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e. Forward step-up and lateral step down 
 
 
 
 
 
 
 
 
 
 
f. Double leg jump up and drop jump to stabilization 
 
 
 
 
 
 
 
 
 
 
 
  
  
Forward step-up (Left) and lateral step down (Right) will be progressed by increasing the 
height of the step. 
 
 
 
 
 
 
 
 
 
Double leg jump up will be performed by jumping on the box (not shown). Double leg drop 
jump will be performed by jumping off the box with bilateral feet shown in the above. The 
task will be progressed by increasing height of the box. Jump distance will be set at 50% of 
the participant’s height. 
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Appendix 3: Correlational analyses (bony alignment and change scores of kinematics) 
*indicates significant correlations throughout the Appendix 3. 
 
Bony alignment and Changes in Hip kinematics – Double-leg squat 
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Double-leg 
squat 
Start 
Hip flexion 
r -0.004 0.096 -0.498 
p-value 0.989 0.734 0.1 
Hip adduction 
r 0.171 0.369 0.074 
p-value 0.541 0.176 0.819 
Hip internal rotation 
r -0.123 -0.067 -0.18 
p-value 0.663 0.812 0.576 
Double-leg 
squat 
Peak 
Hip flexion 
r -0.058 0.148 -0.263 
p-value 0.837 0.598 0.408 
Hip adduction 
r 0.024 0.546* -0.12 
p-value 0.933 0.035 0.71 
Hip abduction 
r -0.033 0.448 -0.401 
p-value 0.907 0.094 0.196 
Hip internal rotation 
r -0.327 -0.08 0.376 
p-value 0.233 0.778 0.229 
Hip external rotation 
r -0.268 0.03 -0.042 
p-value 0.335 0.917 0.896 
Double-leg 
squat 
Displacement 
Hip flexion 
r -0.069 0.136 -0.088 
p-value 0.807 0.629 0.785 
Hip adduction 
r -0.094 0.512 -0.23 
p-value 0.739 0.051 0.472 
Hip abduction 
r -0.194 0.337 -0.748* 
p-value 0.49 0.219 0.005 
Hip internal rotation 
r -0.225 -0.033 0.482 
p-value 0.421 0.907 0.113 
Hip external rotation 
r -0.372 0.234 0.289 
p-value 0.173 0.4 0.362 
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Bony alignment and Changes in Knee kinematics – Double-leg squat  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Double-leg 
squat 
Start 
Knee flexion r 0.136 -0.509 0.307 
 
p-value 0.628 0.053 0.332 
Knee valgus r -0.199 -.620* .578* 
  p-value 0.476 0.014 0.049 
Knee internal rotation r 0.167 0.479 -0.491 
  p-value 0.553 0.071 0.105 
FPPA r 0.018 0.46 -0.262 
  p-value 0.951 0.085 0.411 
Double-leg 
squat 
Peak 
Knee flexion r -0.034 -0.12 0.047 
 
p-value 0.905 0.671 0.885 
Knee varus r -0.182 0.048 0.477 
  p-value 0.515 0.866 0.117 
Knee valgus r -0.059 0.186 -0.03 
 
p-value 0.836 0.506 0.925 
Knee internal rotation r -0.253 -0.306 -0.463 
  p-value 0.362 0.267 0.13 
Knee external rotation r 0.227 -0.055 -0.503 
 
p-value 0.415 0.845 0.096 
FPPA-max r 0.06 .665* -0.272 
  p-value 0.831 0.007 0.392 
FPPA-min r 0.048 0.411 -.641* 
  p-value 0.864 0.128 0.025 
Double-leg 
squat 
Displacement 
Knee flexion r -0.065 -0.028 -0.009 
 
p-value 0.817 0.921 0.977 
Knee varus r -0.072 0.398 0.064 
  p-value 0.798 0.142 0.844 
Knee valgus r 0.149 .608* -0.521 
 
p-value 0.597 0.016 0.083 
Knee internal rotation r -0.254 -.516* 0.162 
  p-value 0.362 0.049 0.615 
Knee external rotation r 0.055 -0.363 -0.031 
 
p-value 0.845 0.184 0.925 
FPPA-max r 0.068 .558* -0.177 
  p-value 0.811 0.031 0.582 
FPPA-min r -0.036 0.503 0.018 
  p-value 0.9 0.056 0.949 
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Bony alignment and Changes in Ankle dorsiflexion kinematics – Double-leg squat  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Double-leg 
squat 
Initial contact 
r 0.224 -0.164 -0.265 
p-value 0.422 0.559 0.339 
Peak 
r 0.236 -0.348 -0.196 
p-value 0.397 0.204 0.483 
Displacement 
r 0.171 -0.373 -0.085 
p-value 0.542 0.171 0.763 
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Bony alignment and Changes in Hip kinematics – Single-leg squat  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Single-leg squat 
 Start 
Hip flexion 
r -0.311 -0.015 -0.117 
p-value 0.301 0.961 0.704 
Hip adduction 
r 0.311 0.347 -0.525 
p-value 0.302 0.245 0.066 
Hip internal rotation 
r 0.187 0.048 -0.053 
p-value 0.541 0.877 0.864 
Single-leg squat  
Peak 
Hip flexion 
r -0.101 0.04 -0.309 
p-value 0.742 0.897 0.304 
Hip adduction 
r 0.346 -0.028 -0.316 
p-value 0.247 0.927 0.293 
Hip abduction 
r 0.07 0.093 -0.057 
p-value 0.82 0.761 0.853 
Hip internal rotation 
r -0.023 -0.447 -0.375 
p-value 0.939 0.125 0.207 
Hip external rotation 
r -0.417 0.069 -0.122 
p-value 0.156 0.824 0.692 
Single-leg squat 
Displacement 
Hip flexion 
r -0.478 -0.34 0.197 
p-value 0.098 0.256 0.518 
Hip adduction 
r 0.3 -0.083 -0.385 
p-value 0.319 0.786 0.194 
Hip abduction 
r -0.287 0.15 -0.029 
p-value 0.341 0.624 0.925 
Hip internal rotation 
r 0.275 -0.36 -0.202 
p-value 0.362 0.227 0.507 
Hip external rotation 
r -0.166 0.18 0.012 
p-value 0.588 0.556 0.97 
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Bony alignment and Changes in Knee kinematics – Single-leg squat  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Single-leg 
squat 
Start 
Knee flexion r .666* 0.024 -0.229 
 
p-value 0.013 0.937 0.451 
Knee valgus r -0.17 -0.288 0.386 
  p-value 0.578 0.34 0.192 
Knee internal rotation r 0.081 0.47 -0.117 
  p-value 0.793 0.105 0.704 
FPPA r 0.21 .633* -0.147 
  p-value 0.492 0.02 0.631 
Single-leg 
squat 
Peak 
Knee flexion r 0.209 0.497 -0.025 
 
p-value 0.492 0.084 0.935 
Knee varus r -0.153 -0.456 0.129 
  p-value 0.617 0.117 0.676 
Knee valgus r -0.377 -.574* 0.213 
 
p-value 0.205 0.04 0.486 
Knee internal rotation r -0.153 -0.022 0.493 
  p-value 0.618 0.944 0.087 
Knee external rotation r -.695* -0.124 .707** 
 
p-value 0.008 0.686 0.007 
FPPA-max r .564* 0.185 -0.037 
  p-value 0.045 0.546 0.905 
FPPA-min r 0.228 .613* -0.154 
  p-value 0.454 0.026 0.616 
Single-leg 
squat  
Displacement 
Knee flexion r -0.342 0.478 0.165 
 
p-value 0.253 0.099 0.591 
Knee varus r 0.076 -0.066 -0.389 
  p-value 0.805 0.83 0.188 
Knee valgus r -0.164 -0.219 -0.224 
 
p-value 0.592 0.472 0.461 
Knee internal rotation r -0.113 -0.418 0.238 
  p-value 0.714 0.155 0.434 
Knee external rotation r -0.334 -0.43 0.368 
 
p-value 0.265 0.143 0.217 
FPPA-max r 0.508 -0.388 -0.037 
  p-value 0.053 0.153 0.895 
FPPA-min r -0.221 0.153 -0.288 
  p-value 0.429 0.585 0.365 
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Bony alignment and Changes in Ankle dorsiflexion kinematics – Single-leg squat  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Single-leg 
squat 
Start 
r 0.228 -.561* 0.146 
p-value 0.413 0.03 0.651 
Peak 
r 0.133 -0.088 0.095 
p-value 0.638 0.756 0.769 
Displacement 
r -0.049 0.417 -0.027 
p-value 0.862 0.122 0.934 
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Bony alignment and Changes in Hip kinematics – Jump-Landing 
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Jump-landing 
Initial contact 
Hip flexion 
r -0.324 0.216 -0.403 
p-value 0.238 0.44 0.194 
Hip adduction 
r 0.315 -0.119 0.177 
p-value 0.253 0.673 0.582 
Hip internal rotation 
r -0.141 -0.079 0.47 
p-value 0.615 0.779 0.123 
Jump-landing 
Peak 
Hip flexion 
r -0.235 0.128 -0.039 
p-value 0.398 0.649 0.905 
Hip adduction 
r 0.419 0.005 0.176 
p-value 0.12 0.986 0.583 
Hip abduction 
r -0.11 -0.262 0.369 
p-value 0.696 0.345 0.238 
Hip internal rotation 
r -0.216 -0.172 -0.036 
p-value 0.438 0.539 0.91 
Hip external rotation 
r -0.198 -0.173 0.382 
p-value 0.48 0.537 0.22 
Jump-landing 
Displacement 
Hip flexion 
r -0.038 -0.001 0.233 
p-value 0.892 0.998 0.467 
Hip adduction 
r 0.402 0.255 0.104 
p-value 0.138 0.359 0.748 
Hip abduction 
r -0.428 -0.205 0.289 
p-value 0.111 0.464 0.362 
Hip internal rotation 
r -0.093 -0.105 -0.492 
p-value 0.743 0.71 0.104 
Hip external rotation 
r -0.132 -0.19 -0.081 
p-value 0.64 0.497 0.801 
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Bony alignment and Changes in Knee kinematics – Jump-Landing 
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Jump-landing 
Initial contact 
Knee flexion r -0.063 0.043 -0.06 
 
p-value 0.824 0.88 0.853 
Knee valgus r 0.218 0.366 0.549 
  p-value 0.435 0.18 0.064 
Knee internal rotation r 0.056 0.297 -0.341 
  p-value 0.842 0.283 0.277 
FPPA r -0.32 -0.312 -0.49 
  p-value 0.245 0.257 0.106 
Jump-landing 
Peak 
Knee flexion r 0.364 0.164 -0.035 
 
p-value 0.183 0.558 0.913 
Knee varus r 0.084 -0.069 0.529 
  p-value 0.766 0.808 0.077 
Knee valgus r 0.057 0.477 0.369 
 
p-value 0.839 0.072 0.238 
Knee internal rotation r 0.178 0.288 -0.174 
  p-value 0.525 0.298 0.589 
Knee external roation r -0.066 0.08 -0.073 
 
p-value 0.814 0.777 0.822 
FPPA-max r -0.273 -0.213 -0.561 
  p-value 0.324 0.445 0.058 
FPPA-min r -0.4 -0.256 -0.188 
  p-value 0.14 0.358 0.559 
Jump-landing 
Displacement 
Knee flexion r -0.362 0.262 -0.303 
 
p-value 0.185 0.345 0.339 
Knee varus r -0.063 -0.371 0.175 
  p-value 0.822 0.173 0.587 
Knee valgus r -0.266 0.134 -0.351 
 
p-value 0.338 0.633 0.263 
Knee internal rotation r 0.162 -0.197 0.495 
  p-value 0.565 0.481 0.102 
Knee external roation r -0.222 -0.322 0.471 
 
p-value 0.427 0.242 0.122 
FPPA-max r 0.046 0.082 -0.116 
  p-value 0.872 0.771 0.719 
FPPA-min r 0.132 -0.098 0.219 
  p-value 0.64 0.728 0.434 
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Bony alignment and Changes in Ankle dorsiflexion kinematics – Jump-Landing 
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Jump-landing 
Initial contact 
r 0.435 0.099 -0.246 
p-value 0.12 0.736 0.397 
Peak 
r -0.078 -0.09 0.392 
p-value 0.782 0.751 0.148 
Displacement 
r -0.052 -0.181 0.428 
p-value 0.86 0.535 0.126 
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Bony alignment and Changes in Hip kinematics – Running  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Running 
Initial contact 
Hip flexion 
r -0.171 0.21 -0.43 
p-value 0.543 0.452 0.143 
Hip adduction 
r 0.309 0.024 -0.158 
p-value 0.262 0.933 0.607 
Hip internal rotation 
r -0.108 -0.303 0.527 
p-value 0.703 0.273 0.064 
Running 
Peak 
Hip flexion 
r -0.379 0.086 -0.411 
p-value 0.164 0.761 0.163 
Hip adduction 
r 0.253 -0.213 0.346 
p-value 0.363 0.447 0.246 
Hip abduction 
r -0.203 -0.448 0.065 
p-value 0.467 0.094 0.832 
Hip internal rotation 
r -0.102 -0.355 .564* 
p-value 0.718 0.194 0.045 
Hip external rotation 
r -0.5 -0.457 0.224 
p-value 0.058 0.087 0.463 
Running 
Displacement 
Hip flexion 
r -0.153 -0.184 0.183 
p-value 0.587 0.512 0.549 
Hip adduction 
r -0.015 -0.291 .612* 
p-value 0.958 0.293 0.026 
Hip abduction 
r -0.447 -0.404 0.196 
p-value 0.095 0.135 0.521 
Hip internal rotation 
r 0.031 -0.257 0.139 
p-value 0.912 0.356 0.651 
Hip external rotation 
r -0.412 -0.215 -0.198 
p-value 0.127 0.441 0.516 
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Bony alignment and Changes in Knee kinematics – Running  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Running 
Initial contact 
Knee flexion r .557* -0.059 -0.266 
 
p-value 0.031 0.834 0.381 
Knee valgus r -0.088 -0.475 0.271 
  p-value 0.755 0.074 0.371 
Knee internal rotation r -0.06 -0.395 -0.231 
  p-value 0.832 0.145 0.447 
FPPA r 0.033 0.375 -0.083 
  p-value 0.908 0.169 0.787 
Running 
Peak 
Knee flexion r 0.211 -0.143 0.242 
 
p-value 0.449 0.611 0.426 
Knee varus r -0.11 -0.485 0.448 
  p-value 0.697 0.067 0.124 
Knee valgus r -0.216 -0.447 0.298 
 
p-value 0.438 0.095 0.323 
Knee internal rotation r 0.043 -.535* -0.221 
  p-value 0.879 0.04 0.468 
Knee external roation r -0.057 -.617* -0.107 
 
p-value 0.84 0.014 0.727 
FPPA-max r 0.014 0.297 -0.113 
  p-value 0.96 0.283 0.714 
FPPA-min r 0.014 0.318 -0.169 
  p-value 0.962 0.248 0.58 
Running 
Displacement 
Knee flexion r -0.094 -0.132 0.456 
 
p-value 0.738 0.638 0.117 
Knee varus r -0.096 -0.164 .650* 
  p-value 0.733 0.56 0.016 
Knee valgus r -0.28 -0.252 0.211 
 
p-value 0.312 0.364 0.489 
Knee internal rotation r 0.338 -.515* -0.004 
  p-value 0.218 0.05 0.989 
Knee external roation r -0.023 -.822** 0.226 
 
p-value 0.936 0 0.458 
FPPA-max r -0.076 -0.271 -0.199 
  p-value 0.787 0.329 0.514 
FPPA-min r -0.523 -0.25 0.335 
  p-value 0.055 0.388 0.242 
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Bony alignment and Changes in Ankle dorsiflexion kinematics – Running  
Task Variables   
Forefoot  
varus 
External  
tibial torsion 
Femoral  
anteversion 
Running 
Initial contact 
r 0.091 -0.172 0.145 
p-value 0.757 0.557 0.621 
Peak 
r 0.37 -0.337 -0.302 
p-value 0.193 0.239 0.294 
Displacement 
r 0.206 -0.082 -0.428 
p-value 0.48 0.78 0.127 
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Appendix 4: Manuscript 1  
 
Influence of Bony Alignments on Lower Extremity Biomechanics during a Single-Leg 
Squat and Running tasks in Females with Medial Knee Displacement Following a 6-
Week Integrated Exercise Training  
 
OVERVIEW 
Context: Effectiveness of knee injury prevention programs aimed to correct frontal plane 
knee position is inconsistent. Limiting factor may be a lack of controlling for lower extremity 
bony alignment, including forefoot varus, external tibial torsion, and femoral antetorsion, that 
could contribute to knee valgus alignment. Another limiting factor could be inconsistency of 
the baseline movement pattern. No studies investigating the influence of bony alignment on 
kinematic improvement following injury prevention exercise program. Previous studies 
evaluated effects of exercise program by examining the task which was utilized during the 
exercise program. Thus whether the improvement occurs during the task which is outside the 
exercise program is unclear. Objective: To examine the effects of exercise training program 
on lower extremity kinematics who displayed medial knee displacement during trained and 
untrained tasks while controlling for the bony alignment. Design: Randomized control trial. 
Setting: Research laboratory. Patients or Other Participants: A total thirty-two healthy 
active females with medial knee displacement completed the study (Integrated Exercise 
Group, INT, N= 17, Age = 20.95±3.10 years, Height =167.13±5.00 cm , Mass = 64.65± 8.42 
Kg; Control group, CON, N= 15, Age =20.83 ± 3.01 years, Height = 162.32cm , Mass = 
64.91Kg ). Interventions: Lower extremity range of motion (ROM), and gluteal muscle 
strength, three-dimensional joint kinematics of the hip, knee, and ankle as well frontal plane 
projection angle (FPPA) during a single-leg squat (SLS) and running tasks were assessed 
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pre- and post- a 6-week integrated exercise program, comprised of self-myoficial release, 
static stretching, muscle strengthening, and functional exercise. Main outcome measures: 
Lower extremity ROM and gluteal muscle strength were averaged across three trials. Three-
dimensional hip, knee, and ankle kinematics at start, peak, and displacement during a descent 
phase of SLS and initial contact (IC) and peak, and displacement during the stance phase of 
running were averaged across three trials. Separate analyses of covariance were performed 
for each dependent variable to compare difference between the groups. Results: Significantly 
greater change was observed in dorsiflexion ROM with knee extended in the INT group in 
comparison to the CON group (p=0.02). For kinematics, during the SLS, significantly greater 
decrease was observed in peak knee abduction in the INT group compared to the CON group 
(p=0.044). During running, significantly greater decrease in knee frontal plane motion at IC 
(p=0.02), peak knee abduction (p=0.01), and peak ankle internal rotation (p=0.042), and 
greater increase in hip external rotation displacement (p=0.003), peak knee adduction 
(p=0.01) and peak ankle external rotation (p=0.008).  There were no other significant 
changes in the INT group observed in other variables. Conclusion: Intervention could 
improve frontal plane knee kinematics during the SLS and running) tasks, which indicates 
exercise program utilized in this study could improve frontal plane knee kinematics during 
the task outside the exercise program.    
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Introduction 
Patellofemoral pain (PFP) is a common overuse knee injury in active young females 
participating in sports such as volleyball, soccer and running.
3,5,8
 PFP could result in long 
term problems as it is associated with a high recurrence rate. Over 70% of patients with PFP 
experienced pain following 4 to 18 years of initial treatment,
15,54,117
 which leads to reduced 
physical activity due to pain.
15
 Furthermore, there is an early and high rate of osteoarthritis in 
those with  PFP.
16
 Given the prevalence and long-term negative consequences it is important 
to prevent PFP from occurring.  
Altered frontal and transverse plane hip and knee kinematics are believed to 
contribute to PFP development.
23,24,47
 Prospective research has identified greater hip 
adduction angle as a risk factor for developing PFP in female runners.
47
 Magnetic resonance 
imaging and cadaveric studies demonstrate that greater quadriceps-angle, hip internal 
rotation and knee external rotation result in decreased patellofemoral contact area and 
increased contact pressure, suggesting that frontal and transverse plane lower extremity 
motion may result in PFP development.
21,22,24 These motions all together likely to result in 
dynamic knee valgus,
23
 therefore, addressing frontal and transverse plane movement control 
at the hip and knee may be an important component for PFP prevention by controlling 
dynamic knee valgus alignment.  
Studies suggest that knee valgus is multifactorial as altered functions of the proximal 
and distal structures to the knee joint are associated with dynamic knee valgus alignment. 
Specifically, weakness of the gluteus medius, gluteus maximus and hip external rotators are 
believed to contribute to knee valgus as these muscles stabilize the hip in the frontal and 
transverse planes. However, this relationship is unclear as some studies report gluteus 
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medius
62
 and gluteus maximus weakness are related to greater knee valgus alignment while 
other studies demonstrated contrasting results
63,65
 or no relationship.
65
  
Although the relationship between muscle strength and knee valgus is unclear, muscle 
activation has been shown to contribute to knee valgus. Several studies report that 
individual’s with knee valgus alignment demonstrate imbalanced activity within those 
muscles controlling hip frontal and transverse plane motion.
70,71,215
 Specifically, individuals 
demonstrating medial knee displacement (MKD) during a squat displayed greater activation 
of the hip adductors relative to the gluteus medius and gluteus maximus.
70,215
 This imbalance 
in muscle activation is theorized to facilitate an increased hip adduction moment, which 
results in greater knee valgus alignment. Decreased activity of the medial hamstrings relative 
to the biceps femoris or vastus medialis has also been associated with greater knee valgus 
moment in active females,
71
 which could also cause greater knee valgus alignment. These 
findings suggested increasing activity of the underactive muscle and decreasing activity of 
the overactive muscle (hip adductor, biceps femoris) could potentially help to correct knee 
valgus alignment.  
Restricted ankle dorsiflexion range of motion (ROM) has also been shown to be 
associated with knee valgus alignment.
68,80,215
  Sigward et al.
80
 demonstrated that increased 
knee valgus excursion is associated with less dorsiflexion ROM during a drop-jump task in 
young female soccer players.
80
 Rabin and Kozol
68
 also demonstrated decreased dorsiflexion 
ROM in females with poor frontal plane movement quality throughout the trunk, pelvis and 
lower during a step-down maneuver. Similarly, Mauntel et al.
215
 reported that females with 
excessive knee valgus during a single-leg squat presented decreased dorsiflexion ROM 
compared to females without. These findings indicated that increasing dorsiflexion ROM 
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could help to correct excessive knee valgus. Given that knee valgus can be influenced by 
distal, proximal, and local structures to the knee joint a comprehensive exercise selection 
approach may be beneficial to correct knee valgus alignment. 
Current knee injury prevention exercise programs for young adult females have 
yielded inconsistent results.
83,86,87,94-96,100,102,104
 These findings may be associated with the 
inclusion criteria of  participants in these studies. The intervention programs were designed 
to correct knee valgus; however, these studies did not consider baseline movement patterns 
and included individuals with excessive knee valgus along with individuals 
without.
83,86,96,102,104
 Other research indicates that individuals who initially present with faulty 
movement patterns display greater changes.
84,89,109  Thus, the lack of change in movement 
patterns, reported in previous research, may have been influenced by the failure to control for 
baseline movement patterns and study a group of individuals with room for improvement.   
Lower extremity bony alignment abnormalities, such as femoral antetorsion, tibial 
torsion, and forefoot varus, could affect lower extremity kinematics and may influence the 
ability to achieve changes in movement following an injury prevention program.
81,116,160
 
These bony alignment abnormalities are unmodifiable factor, suggesting that those who 
present with lower extremity bony alignment abnormalities may not be able to modify their 
movement patterns following an injury prevention program. However, previous research has 
not yet investigated this relationship. Future research examining knee injury prevention 
programs that controls for baseline movement patterns and the presence of lower extremity 
bony alignment abnormalities is needed to better understand the effects of these programs on 
lower extremity kinematics. 
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Lastly, task assessed following training is often the same or similar to tasks that were 
trained during training sessions, such as landing from a jump and squat tasks.
83,86,87,94,206
 A 
limited numbers of research examined the effects of training on untrained tasks with 
inconsistent results. Distefano et al.
97
 demonstrated no kinematic changes in the untrained 
task. Authors suggested that exercise program should be specific to task used in the sports 
activities in which individuals participated. Contrary, Willy et al.
186
 displayed that 10-session 
gait re-training improved running kinematics (trained) as well as untrained (single-leg squat 
and step-down) tasks in females with PFP, suggesting motor skill transfer occurred. These 
findings leave us to question if the proper movement pattern is observed in only trained task 
or it is transferred to untrained task during the training session. Understanding whether one 
can perform correct movement patterns and if the improvement can transfer over to other 
tasks may help clinicians to determine if individuals are ready to terminate the exercise 
program and return to activity in which they are engaged.  
The single-leg squat and running tasks were selected as testing tasks. The single-leg 
squat is frequently used to examine the quality of movement patterns of the lower 
extremity,
68,83
 and also is a common exercise used in knee prevention and rehabilitation 
exercises.
83,111,216
 Running task was selected as an untrained testing task because it is 
commonly selected as a regular exercise in young female populations and is one of the most 
common activities that PFP occurs.
8
 Understanding whether simple exercises comprised of 
the training program can change the running mechanics would give clinicians insight into 
prevention and rehabilitation programs for PFP.  
The primary purpose of this study was to examine if a tailored exercise program 
performed by females demonstrating medial knee displacement (knee valgus collapse) would 
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change muscle flexibility, strength, and lower extremity kinematics during a single-leg squat 
and running.  Secondarily, we sought to determine if lower extremity bony abnormalities 
would influence the change in lower extremity kinematics following a tailored exercise 
program.  
 
Methods 
Participants 
A total 39 females participated in the study and were randomly assigned to either the 
integrated exercise group (INT) or control (CON) group. Seven participants withdrew (INT = 
4, CON=3). Therefore a total 32 participants completed all testing (INT=17, Age = 
20.95±3.10 yrs , Ht = 161.13±5.00 cm , Mass = 63.65 ± 8.42 Kg, CON=15, Age=20.83±3.01, 
Ht = 162.32 ± 7.77 cm, Mass = 64.91 ± 18.86 Kg). Participants were included in the study if 
they met following criteria: between 18-28 years old, presence of medial knee displacement 
(MKD) during a double-leg squat task, engaged in activities for thirty minutes per day for 
three times a week, no lower extremity injuries (sprain or strain) within six months prior to 
the testing. Exclusion criteria included presence of chronic conditions associated with 
previous injury, including the ankle and knee joint effusion, instability at the ankle and/or 
knee, and the ankle, knee and low back pain within six-months prior to participation in the 
study, history of lower extremity ligamentous tear, fractures, dislocations, surgeries, and/or 
arthroscopy. We also excluded individuals with excessive bony alignment including femoral 
antetorsion (20.6º), external tibial torsion (42.0°), or forefoot varus (13.2º).  The cut-off 
angles of these bony alignments were pre-determined based on the previous studies
171,172,199-
201
 and pilot data in our laboratory. 
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Screening 
Potential participants (N=100) read and signed an informed consent form approved 
by the university’s institutional review board. Participants were dressed in a t-shirt and shorts 
and instructed to stand with their feet shoulder width apart, toes facing forward, arms being 
raised over the head, and elbows extended while performing five consecutive double-leg 
squat (DLS) at a standardized velocity of eighty-four beat per minute (bpm) without lifting 
their heels off the ground.
63
 The performance was recorded with a video camera (FS30, 
Canon U.S.A., Melville NY) which was set in front of the participant, 6 meters away while 
the principal investigator performed a real-time assessment to identify medial knee 
displacement (MKD) during middle three trials.
63
 MKD was defined as the center of the 
patella being medially displaced relative to the vertical line from the great toe when the knee 
is in maximal flexion (Figure 1). Two or more observation of MKD was considered as 
presence of MKD and those who presented with MKD proceeded to further assessment for 
the bony alignment assessment.  
Forefoot varus was assessed while the participant lay prone on the treatment table 
with her thigh, leg, and calcaneous in a neutral position.  The primary investigator placed the 
stationary arm of the standard goniometer along the metatarsal heads while the moving arm 
was aligned parallel with the plantar aspect of the heel.
171,199
 The angle between the two arms 
was recorded (Figure 2A). Tibial torsion was assessed while the participant lay prone on the 
treatment table with her knee flexed 90 degree at the end of the treatment table.
171
 The 
primary investigator brought her ankle to a neutral position and placed the stationary arm of 
the standard goniometer along the imaginary line between the midpoint of the medial and 
lateral malleoli marked with the 2mm width tape prior to measurement. Moving arm of the 
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standard goniometer was aligned with the horizontal line of the end of the table. The angle 
between the two arms was recorded (Figure 2B). Femoral antetorsion was assessed using 
Craig’s test described by Magee172 and other researchers171,200 The participant was positioned 
prone on the treatment table with her knees off the end of the table. The primary investigator 
maintained the participant’s knee in 90 degrees of flexion position by holding her distal leg 
with one hand while palpating the most prominent aspect of the lateral thigh, which was 
considered as the greater trochanter, with second and third fingers. The primary investigator 
rotated the hip internally and externally to find the greater trochanter be most neutral position 
where the most prominent part sit between the two fingers. While the research assistant 
maintained this position, the primary investigator placed the digital inclinometer at the mid-
point of the line between the mid-point of the medial and lateral malleolus and mid-point of 
the medial and lateral femoral condyle to record the femoral antetorsion angle (Figure 2C). 
Femoral antetorsion was also assessed using a diagnostic ultrasound (M-Turbo, 
SonoSite Inc., Bothell, WA) using a method described by previous research as follows.
158,202
 
The digital inclinometer was secured with the transducer. The participant lay on supine on 
the treatment table with the knee flexed 90 degrees over the end of the table and the leg was 
secured with the table leg with the strap. The transducer will be placed over the greater 
trochanter and superiorly and medially directed along the long axis of the head and neck to 
find the lateral portion of the head of the femur. Once the head of the femur was identified, 
the transducer was moved distally and laterally until the flat line (flat surface between the 
head and neck of the femur) appears in the monitor. The transducer was tilted to make this 
line horizontal, which was assured with using grid lines printed on a transparent sheet placed 
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over the monitor. This procedure was used to ensure the angle measured using 
aforementioned procedures. 
Baseline test 
Upon arrival, the participant’s weight and height were measured. The participant then 
completed a five-minute warm-up on a stationary bicycle and performed self-directed 
stretching until they feel comfortable and ready for the testing. During the test, participants 
were fitted with dark colored spandex (no-sleeve shirt or sports bra and shorts). Range of 
motion, isometric muscle strength, and three-dimensional single-leg squat task were 
measured with bare feet while the running task was performed while wearing their personal 
running shoes.  
Range of motion assessment 
Ankle dorsiflexion (DFROM), hip abduction (HABROM), and hip adduction (HADROM), 
and hip flexion via straight leg raise (SLRROM) were assessed in a randomized order using a 
standard goniometer or digital inclinometer (The Saunders Group, Chaska, MN). Ankle 
dorsiflexion was measured in three different ways: 1) dorsiflexion with knee extended 
(DFKEROM), 2) dorsiflexion with knee flexion (DFKFROM), and 3) weight bearing 
(DFWBROM) lunge. Evaluation of DFKEROM was performed while the participant lay in a 
supine position with her knee in full extension on the treatment table.
63
  The investigator 
placed the ankle in a subtalar neutral position and then passively pushed the foot into 
dorsiflexion until the point of first resistance.
63
 The stationary arm of the standard 
goniometer was placed along the line between the head of the fibula and the lateral malleolus 
while moving arm was placed along with the fifth metatarsal. Angle between these lines was 
recorded (Figure 3A). DFKEROM was assessed in the same manner except for the legs were 
 193 
 
placed on the box to keep their knee and hip ninety degrees (Figure 3B).  DFWBROM was 
assessed with the subject in a lunge position.
68,203
  The foot of the test-limb was aligned with 
a line marked on the floor. The line on the floor was continuous with a line marked on the 
wall.  The participant was instructed to bring her knee of the test-limb toward the line on the 
wall until she felt the ankle no longer went into dorsiflexion without lifting the heel off the 
ground.  The investigator placed the top of the long base of the digital inclinometer on the 
tibial tuberosity to read the angle from the vertical line. The angle between the tibia and the 
vertical line was recorded (Figure 3C).   
Hip abduction range of motion (HABROM) was measured while the participants lay 
supine on the treatment table.
63,67
 The primary investigator placed one hand on the 
contralateral side of the anterior superior iliac supine (ASIS) while holding the test-limb with 
the other hand. The thigh was passively brought into abduction until the investigator feels 
resistance or the contralateral ASIS moves. The stationary arm of the goniometer was aligned 
with the line between right and left ASIS and the moving arm was aligned with the vertical 
line between the ASIS of the test-limb side and center of the patella. The angle between the 
two goniometer arms was recorded (Figure 3D). Hip adduction was assessed using modified 
Ober’s test.204 The participant lay on the non-testing side while placing the pelvis neutral and 
both knees extended. The primary investigator stabilized the pelvis while bringing her hip of 
the test-side into extension and let the leg adducted until resistance from the iliotibial band 
was felt. The digital inclinometer was placed on the lateral side of the thigh of the test leg 
and angle from the horizontal line was recorded Hamstrings tightness was assessed while the 
participant laid supine on the treatment table with her knee extended and other leg strapped 
to the table. The primary investigator moved her testing leg into hip flexion until first 
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resistance from the muscle was felt. The top of the digital inclinometer was placed at the 
tibial tuberosity and angle between the horizontal line and the tibia was recorded (Figure 3F).  
Three trials were recorded and averaged together for each range of motion measure.  
Motion Analyses 
Following the range of motion assessments, 30 retroreflective markers were attached 
to the following landmarks: bilateral acromion process, ASIS, posterior superior iliac spine, 
medial and lateral side of the sacrum, greater trochanter, anterior thigh, medial and lateral 
epicondyles of the femur, anterior shank, medial and lateral malleoli, calcaneus, and 1
st
 and 
5
th
 metatarsal head. Additional markers were placed on the spinous process of the seventh 
cervical spine and between fourth and fifth lumbar vertebrae. All markers were attached to 
the participant with double-sided carpet tape. Markers on the posterior superior iliac spine, 
sacrum, and the feet were secured with the pre-wrap.  
A seven camera infrared optical motion capture system (Vicon MX Camera, Vicon 
Motion Systems, Los Angeles, California) integrated with Vicon Nexus v1.3 (Vicon Motion 
Systems, Ltd, Centennial, CO) and two force plates (4060-08, Bertec Corporation, Columbus, 
Ohio, USA) was used to capture the trajectories form the retroreflective markers and ground 
reaction forces during single-leg squat and running tasks at a sampling frequency of 120 Hz.  
Force plate data was collected synchronously with the kinematic data at a sampling 
frequency of 1200 Hz.  The kinematic data and force plate data were time synchronized. The 
global axes was established with x-axis pointing forward, y-axis pointing to left, and z-axis 
pointing vertical. Segment axes were aligned with the global axis. Participants completed a 
static trial by standing in the middle of the calibration volume, facing the x-direction with 
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arms abducted ninety-degrees.  After completion of the static trial, markers of the medial 
femoral epicondyles, medial malleoli, and bilateral ASIS were removed.  
 The single-leg squat task was assessed in a barefoot condition. The participant stood 
on the force plate with her testing-leg and knee fully extended while the hip and knee of the 
non-testing leg slightly extended and flexed, respectively. The participant remained her 
hands on her hips during the performance. The participants were instructed to descend into 
maximal knee flexion and then return to their starting position.  The single-leg squat task was 
repeated for five consecutive trials at the participant’s self-selected velocity (Figure 4). The 
five trials were repeated if the participant lost balance, touched down with their non-stance 
foot, hopped, or took their hands off their hips.  
During the running task the participant ran at their self-selected velocity down the 
13m runway until striking the forceplate with the foot of their test leg (Figure 5). The 
participant’s self-selected running velocity was recorded with digital timing system (SPARQ 
XLR 8, NIKE Inc, Beverton, OR, USA) during a series of practice trials. During testing the 
participant performed 5 running trials at a running velocity within ±5% of the average 
running velocity recorded during their practice trials. A trial was repeated if the participant’s 
foot was not completely on the forceplate during foot strike or their running velocity was 5% 
above or below their pre-determined running velocity. Participants ran at the same velocity 
during the post-training test sessions. 
Isometric muscle strength assessment 
 Upon completion of motion analysis testing, the participant’s performed three 
maximum voluntary isometric contractions (MVIC) in order to assess the strength of the 
gluteus medius (GMED-MVIC), gluteus maximus (GMAX-MVIC), and the hip external 
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rotators (HER-MVIC) using a dynamometer (IsoForceControl®EVO2, MDS Medical Devise 
Solutions AG, Oberburg, Switzerland).  Three trials, lasting 5-seconds per trial, were 
performed for each MVIC measure and a 1-minute rest period was allowed between trials.  
Hip abduction strength was measured while the participant was in the side-lying 
position on the non-testing limb with her knees being positioned off the edge of the treatment 
table.
30,31,38,56
 A Strap was placed around the pelvis to stabilize the pelvis on the treatment 
table and the participant was instructed to abduct test-limb to 0 degrees.  Once the position 
was set, a rolled towel or pillow was placed between the thighs to maintain this position and 
another strap which is connected with the dynamometer was placed at the lateral femoral 
condyle. The dynamometer was anchored at the ground with a sanction cup so that the 
dynamometer was aligned with the vertical line from the lateral femoral condyle. The 
participant was instructed to point her toes forward and avoid flexing and externally rotating 
the hip as she moves into hip abduction as she pulled against the strap with her maximal 
effort for 5 seconds (Figure 6A).  
Hip extension strength was measured while the participant lay prone on the treatment 
table with her knees flexed at ninety-degrees and off the table.
205
 The participant’s pelvis was 
stabilized in a neutral position with a strap placed just proximal to the iliac crest. Another 
strap, which was connected with the dynamometer, was placed at the knee crease, the line 
between medial and lateral femoral condyles.  The dynamometer was anchored to the floor 
so that the dynamometer was placed vertical to the midpoint of the line between the medial 
and lateral femoral condyles. The participant was instructed to extend her hip against the 
strap with maximal effort without lifting the pelvis off the treatment table for five seconds 
(Figure 6B).  
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For hip external rotation, the participant was lay prone with her knee flexed 90 
degrees. The pelvis and thigh was stabilized with a strap just proximal to the iliac crest and 
the mid-thigh, respectively. Another strap with the dynamometer was placed at her ankle of 
the test-limb while the dynamometer was anchored to the wall so that the strap was parallel 
to the floor. The subject was instructed to pull the strap by externally rotating the hip with her 
maximal effort for five seconds without extending or flexing more her knee or moving her 
thigh into adduction (Figure 6C).  
In order to replicate the dynamometer placement during post-training testing, the 
distance between the strap and joint line was measured and recorded for each strength 
measure.  During post-training testing we positioned the strap the same distance from the 
joint line for each strength measure. 
Exercise Intervention (Appendix 1) 
All participants were randomly assigned to one of two groups, integrated exercise 
(INT) group or control group (CON) group on a completion of a baseline-test. The INT 
group completed a total of 18 training sessions, which were carried out over 3 sessions per 
week for 6 weeks. All training sessions were performed under the supervision of a trained 
research assistant. This research assistant was not involved in data collection during baseline 
and post-training test sessions. Participants in the INT group were required to complete 
minimal fifteen sessions, which is 80% of total sessions. Exercise session was terminated if 
the participant did not complete at least fifteen sessions of training during six weeks or 
missed two consecutive sessions.   
The control group did not receive any exercise during intervention period. Both 
groups were instructed to maintain their level of activity at their participation of their 
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baseline testing throughout the intervention session.  
The exercise program was based on our previous research, including self-myofascial 
release (SMR), self-static stretching , muscle strength, and integrated functional exercises.
206
  
Restricted fascia has been suggested to decrease flexibility, mobility, and muscle strength,
207
 
thus it is important to perform these exercises in this order for efficacy of the exercise 
program.
208
  Self-myofascial release was performed using the foam roller to decrease trigger 
point and muscle activity and lengthen muscle fibers by stimulating golgi-tendon organs, 
which potentially increase restricted motions at the joint.
196
   
The participants placed the tight muscle groups on the foam roller and were instructed 
to place as much of her body mass as possible while she rolled the foam roller proximal to 
distal and vice versa for two minutes. They were also instructed to maintain constant pressure 
over the tender points for thirty seconds.  Muscles and structure treated will include 
gastrocnemius and soleus, hip adductors, iliotibial band (IT-band) and lateral hamstrings. 
 Static stretching was performed following self-myoficial exercise to increase ROM 
by lengthening the muscles for two sets of thirty seconds. The gastrocnemius was stretched 
by standing on the slant board while keeping both knees extended. The soleus was stretched 
in a same manner as the gastrocnemius except that knees being kept flexed. The adductor 
muscle group was stretched by perform a side-lunge with both feet pointing forward during 
stretching. Finally, the IT-band stretch was performed with standing position.
210
  The limb 
treated will be extended and adducted across the other limb, and the arm was raised overhead 
and brought into away from the stretched limb.
210
 The participant performed lateral trunk 
flexion in a direction to opposite side of treated limb.
210
  
Following completing of static stretching the participants conducted the muscle 
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strengthening exercises for the gluteus medius, gluteus maximus, hip external rotators, 
medial hamstrings, and foot inverters (medial gastrocnemius). Resistance was provided via 
body weight for foot inverters and a TheraBand for rest of the muscle groups.  The 
participant was instructed to pull the TheraBand to 100% (2 times as long as original length) 
at a standardized speed (2 seconds for isotonic contraction, 1 second for isometric contraction, 
and 2 seconds for eccentric contraction).  Once the participant was able to reach the target 
repetition with proper form and proper speed, difficulty of exercise was progressed by 
increasing resistance, sets, or repetitions.
107
  
Functional exercises were focused on controlling frontal plane lower extremity 
movement. During each training session the research assistant demonstrated proper exercise 
technique along with instructions. Participants performed the functional exercises in front of 
full-body mirror and were also provided with real-time feedback during the exercises by 
using verbal cues such as “keep your toes facing forward”, “keep your knees over the toes”, 
and “move yours knee out”.88 The participant performed these exercises with the mirror to 
provide them with visual feedback.  The amount of feedback was reduced over time by 
removing the mirror and minimizing the verbal cues to only be given when improper 
technique was noted.
110,186
  
Exercise difficulty  was progressed every three sessions by increasing the number of 
repetitions or sets, and difficulty of the exercise with changing the body position or surface. 
Difficulty was not progressed if the participant was not able to perform the exercise with 
proper forms. Detailed exercise program is presented in Appendix 1. 
Post-training test 
All participants returned for post-training test. The INT group returned for post-
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training test within one day on completion the exercise intervention program. The CON 
group was scheduled for post-training test in 6 weeks from their baseline test. All participants 
went through same procedures as baseline test. 
Data reduction 
Three-dimensional joint coordinates were estimated from the trajectories of the 
reflective markers. Raw kinematic and kinetic data were exported into the Motion Monitor 
Software (Innovative Sports Training Inc. Chicago, IL) for data processing. Raw kinematics 
data was filtered via fourth order Butterworth filter, zero phase lag, with a low-pass filter at 8 
Hz cut-off frequency.
186,211
   
The joint center of the ankle was estimated as a midpoint between medial and lateral 
malleolus. The joint center of the knee was estimated as a midpoint between medial and 
lateral femoral condyles. The joint center of the hip was estimated from right and left ASIS 
markers, using Bell method.
212
 The Joint angle for the hip, knee, and ankle was calculated 
using Euler angle joint coordination with right hand rule. The rotation sequence for these 
joints is Y, X, Z as Y-axis corresponded to flexion (+) / extension (-), X-axis corresponded to 
adduction (+) / abduction (-), and Z-axis corresponded to internal (+) / external rotation (-). 
The hip joint angle was determined using thigh segment relative to the pelvis. The knee joint 
angle was determined using shank segment relative to thigh, and the ankle joint angle was 
determined using foot segment relative to shank.    
Filtered data was transported into a customized MATLAB program (MathWorks, 
Natick, MA) to identify joint angles. Joint angles include initial (initial contact = IC for 
running), peak, and displacement of sagittal, frontal, and transverse plane hip and knee 
kinematics, and sagittal and transverse plane ankle kinematics. We also calculated foot 
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segmental angle relative to world and frontal plane projection angle (FPPA). FPPA was 
calculated as a difference between segment angles of the thigh and shank relative to world. 
Negative value indicates varus while positive value indicates valgus at the knee joint.  
For the single-leg squat, kinematic data were assessed during descending phase. 
Descending phase was defined as the period from maximal knee extension to maximal knee 
flexion. Initial joint angle was defined as the angle at the time of maximal knee extension. 
Peak joint angle was defined as the maximal joint angle during the descending phase of the 
single-leg squat. Joint displacement was calculated by subtracting the initial joint angle from 
the peak joint angle [Displacement = peak joint angle – initial joint angle]. Middle three out 
of five trials were assessed. 
Kinematics during running task was assessed during stance phase. Stance phase was 
defined as the time period from IC to toe-off.  Initial contact was defined as the time point 
when the ground reaction force exceeded 10N  and toe-off was defined as the ground 
reaction force dropped below 10N.
111
 Initial joint angle was assessed at IC. Joint 
displacement was calculated by subtracting initial joint angle from peak joint angle during 
the stance phase. The values were averaged across five trials. Joint range of motion was 
averaged across the trials.   
ROM variables were averaged across three trials. Isometric muscle strength was 
collected with newton (N) in each muscle group and was normalized to body mass.
217
 Bony 
alignment measurements were averaged across three trials. Finally, change scores  were 
calculated for ROM, MVIC, and kineamtics by subtracting baseline values from post-training 
values (Change score = Post-training – Baseline). 
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Statistical Analyses  
For ROM and MVC, separate independent t-test was performed to compare the 
change scores between the INT and CON groups. Lower extremity kinematics change scores 
were compared between INT and CON groups using separate ANCOVAs.  The covariates 
included in the ANCOVA models were the bony alignment variables of forefoot varus, tibial 
torsion, femoral antetorsion. SPSS (ver.19 IBM Corporation, Somers, NY) was used for 
following analyses with an a priori level of significance set at below 0.05.   
 
Results 
Demographics 
A total 39 participants completed the baseline test (INT=21, CON=18) and 32 
participants completed the post-training test. Two biomechanical data were excluded from 
the analyses due to systematic errors (INT=2). Three participants in the INT group were 
withdrawn because they did not complete sufficient training sessions (minimum 15 sessions). 
One participant in the CON group was disqualified for post-training test due to injury. Three 
participants in the CON group did not return for post-training test due to attrition. Therefore, 
a total thirty (INT = 15, CON = 15) data were used for analyses (Table 1). Participants of the 
two groups were similar in height, age, and bony alignments (p > 0.05), however, mass was 
significantly greater in the CON group compared to the INT group (p = 0.025) Mean, 
standard deviation and p-value of demographic data at a time of baseline test are presented in 
Table 1.  
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Range of motion and MVIC 
INT group demonstrated significantly greater change in DFKEROM (p< 0.02) 
compared to the CON group. No other significant differences were observed for the range of 
motion values. There were no significant differences in the MVIC change scores between 
groups. Based on these findings, only DFKEROM was improved following in INT intervention. 
Means, standard deviations, 95% confidence intervals of the baseline and post-training 
values and change scores, effect size (Cohen’s d) and p-values for ROM and MVIC are 
presented in the Table 2 and 3, respectively. 
Single-leg squat 
There was a significantly greater decrease in peak knee valgus angle (p=0.044) in 
the INT group compared to the CON group (Figure 4). Frontal plane knee kinematics was 
improved in the INT group following the intervention. No other significant differences were 
observed.  
Running 
There were significant differences in change scores between the INT and CON 
groups for the following dependent variables: hip internal rotation at initial contact (p=0.006), 
peak hip internal rotation (p=0.005), hip external rotation displacement (p=0.003), knee 
valugs at initial contact (p=0.02peak knee varus (p=0.014, and peak knee valgus 
(p=0.01Figures 5A-5E, respectively). No other significant differences were observed.   
The INT group demonstrated significantly greater change in hip external rotation 
displacement compared to the CON group, which indicated that the INT group improved hip 
external rotation displacement. However, the change in peak hip internal rotation was 
significantly greater than that of the CON, indicating the peak internal rotation angle did 
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negatively changed in the INT group. The change in hip internal rotation angle at initial 
contact decreased in the CON group while the INT group did not change.  
The findings indicated that frontal plane knee kinematics and hip external rotation 
displacement improved while peak hip internal rotation angle negatively changed.  
Estimated marginal means, standard errors, 95% confidence interval, regression 
coefficient for each covariate, p-values, and eta-squared (2) for hip and knee joints for the 
single-leg squat and running are presented in Table 4-7, respectively, and that of ankle 
dorsiflexion angle for the single-leg squat and running was presented in Table 8. Unadjusted 
means, standard deviations, 95% confidence intervals of the baseline, post-training, and 
change scores and p-values and effect size (Cohen’s d), associated with the unadjusted 
change scores for the hip and knee joint for the single-leg squat and hip and knee joints for 
the running tasks are presented in Table 9-12, respectively, and that of ankle joint are 
presented in Table 13. 
 
Discussion 
The primary findings of this investigation were that frontal plane knee kinematics was 
improved in the INT group during the single-leg squat.  Thus, the exercise program was 
effective in improving frontal plane knee kinematics in females with MKD. This is the first 
study, to our knowledge, to evaluate the effects of an exercise intervention on frontal plane 
knee kinematics in females demonstrating MKD. We did not observe changes in strength or 
ROM variables, with the exception of DFKEROM. These findings suggest that improvements 
in frontal plane knee kinematics may have been due to neuromuscular control changes, rather 
than strength or ROM.  Changes in lower extremity kinematics were also influenced by bony 
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alignment, which is a novel finding that has not been previously investigated.  The observed 
changes in frontal plane knee kinematics were also present during running, which was not 
performed as part of the exercise program. Our findings suggest that the exercise program 
utilized in the current study may be an effective method for improving lower extremity 
kinematics across multiple functional tasks in those demonstrating MKD. 
Our finding of decreased peak knee valgus angle following the exercise intervention 
is consistent with previous studies that tested single-leg squat as a testing task.
83
 Knee valgus 
angle was one of our primary kinematic variables. The intervention was designed to improve 
frontal plane knee kinematics as it has been implicated in the risk of developing of PFP since 
increased Q-angle has been reported to potentially develop PFP by decreasing contact area,
21
 
and increasing lateral tracking of the patella, resultant force, consequently increase lateral 
contact pressure at the patellofemoral joint.
21,218
  Thus, reductions in knee valgus angle 
following the intervention may decrease the risk of development of PFP.   
Since restricted DF ROM has been identified in the individuals with knee valgus or 
poor performance in the frontal plane knee, hip, and trunk motions,
68,215
 improvement in 
DFKEROM observed in the current study could also contribute to changes in peak knee valgus 
and ankle internal rotation displacement. Bell et al.
206
 demonstrated reduced knee valgus 
angle during a double-leg squat and improved DFKEROM. The exercise intervention utilized 
by their study is similar in design to that utilized in the current study by focusing on 
improving ankle flexibility, increasing hip and thigh muscle strength in combination with 
neuromuscular training. Thus, our findings agree with previous research and indicate that this 
type of exercise intervention can successfully improve lower extremity kinematics during 
squatting tasks.   
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During running, we also observed the improvement in frontal plane knee kinematics 
(initial contact and peak knee valgus and peak knee varus). These changes were consistent 
with those observed during the single-leg squat. Overall, our participants in the INT group 
were able to maintain their knee in a more neutral frontal plane knee alignment during 
running following the intervention. To our knowledge, no previous research has 
demonstrated improvements in frontal plane knee kinematics during running following an 
exercise intervention. To date, improvements in frontal plane knee kinematics during running 
have only been reported following gait re-training programs, using a treadmill. 
110,186
 Our 
study is unique in that we did no formal gait or running re-training, but still observed 
significant changes in frontal plane knee kinematics during running in the INT group.  
The intervention also improved peak hip external rotation displacement, however, 
deteriorated peak hip internal rotation during running . Transverse plane hip kinematics is 
believed to contribute to PFP development.
24,130
  Excessive hip internal rotation has been 
shown to increase lateral shift of the patella
134
 and decreases contact area of the posterior 
surface of the patella,
130,134
 which eventually increases lateral contact pressure at the 
patellofemoral joint,
134
  thus this excessive hip internal rotation could increase risk of PFP.  
Contrary increased hip external rotation could decrease risk of development of PFP with the 
same reason. Results of this study implicated that the participants in the INT group were able 
to externally rotate their hip following the intervention, but were not able to maintain that 
position, Hip joint angle was calculated relative to the pelvis. There may be a potential that 
pelvic rotation angle altered following the intervention, which influence transverse plane hip 
kinematics. Examining pelvic kinematics may benefit for better understanding for hip 
kinematics.  Interpretation of hip kinematics changes (hip internal rotation at initial contact, 
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peak hip internal rotation, and hip external rotation displacement) should be with cautions as 
reliability (ICC3,k) of hip kinematic variables were poor with relatively large standard error of 
measurement (SEM), ranging from 0.301 to 0.326 and 4.39 to 4.59 degrees, respectively. 
Significant changes in hip kinematics observed in our study may be due to errors of 
measurement as SEM values for these variables were greater than the change scores. ICC and 
SEM for all kinematic measures are shown in Table 14. 
Further looking the bony alignment contribution to kinematics changes, the results of 
the current study demonstrated that external tibial torsion angle seemed to have a significant 
effect or trend to have a significant effect on the changes in frontal plane knee kinematics  
while no specific bony alignment contributions were observed for changes in hip rotation 
motions. Based on the regression coefficient for each covariate, increased external tibial 
torsion is associated with increased knee valgus angle. External tibial torsion is associated 
with foot pronation and foot external rotation,
81,219
  and this alignment shifts the location of 
vertical ground reaction force to more lateral, which increases external knee valgus moment. 
Schwartz and Gaio
220
 also demonstrated potential relationship between excessive external 
tibial torsion and knee valgus, using a computer model. They predicted that the valgus 
acceleration to the knee joint increases with increased external tibial torsion angle during gait. 
These biomechanical alteration associated with external tibial torsion suggests that excessive 
tibial torsion could drives the knee joint into valgus position. Given this biomechanical 
factors, it is not surprising that the magnitude of change in frontal plane kinematics was small 
and did not show significant change without controlling for the bony alignment. Individuals 
with increased external tibial torsion deformity may have difficulties to control frontal plane 
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knee position because they had to overcome the abnormal biomechanics created by excessive 
tibial torsion alignment.  
Contrary to frontal plane knee kinematics, no specific bony alignments influenced 
changes in peak hip rotation or hip external rotation displacement during running. This could 
indicate three bony alignments compensate to each other in some way, and influenced the 
kinematic changes.
219
 In addition to tibial torsion abnormality discussed earlier, forefoot 
varus and femoral antetorsion have upward and downward influence on the lower 
extremity.
23,81,160,161,171,219
 For example, excessive forefoot varus increases foot pronation to 
increase contact of the forefoot to the ground during weight bearing condition. This motion 
increases subtalar joint pronation, which in turn internally rotates and abducts tibia as a 
coupled motion, eventually places the knee in valgus alignment.
23,173
  
Excessive femoral antetorsion reduces the congruency in the hip joint. Increased hip 
internal rotation is generally associated with increased femoral antetorsion
115
 as a  
compensation for decreased congruency at the head of the femur at the acetabulum. Increased 
hip internal rotation could eventually cause knee valgus alignment Several researchers 
displayed decreased activity of the gluteus medius and vastus medialis in individuals with 
greater femoral antetorsion angle ,
160
 which can potentially lead to increased knee valgus 
during weight bearing tasks.
161
 Our study cannot demonstrate specific relationship between 
these bony alignment and changes in kinematics; however, findings of our study suggest 
importance of understanding of bony alignment profile when conducting movement re-
education training as bony alignment deformity may alter individuals’ response to this type 
of training.   
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The secondary purpose of the current study was to investigate whether improvement 
in the simple task (single-leg squat) transferred to untrained task (running). As described 
earlier, the change in peak knee valgus angle greatly decreased in both the single-leg squat 
and running, indicating that motor skill transfer occurred. This finding is consistent with a 
study by Willy et al
186
 in which runners classified as PFP with excessive hip adduction went 
through mirror gait retraining improved hip adduction in trained (running) and untrained 
(single-leg squat and step down maneuver) tasks.  Our study is different from a study by 
Willy et al.
186
 in the direction of transfer. The current study displayed the transfer from 
simple task to complex while Willy et al.
186
 displayed complex to simple tasks. Transferring 
kinematic improvement from the single-leg squat to running tasks is essential as PFP is one 
of the most common injuries in runners.
8
 Although previous study successfully improved 
running kinematics via gait-retraining intervention on a treadmill, practicing running on a 
treadmill may not be as simple as practicing single-limb stance exercises that require small 
space to perform. It is encouraging that we could improve knee kinematics during running 
without actually practicing running tasks.  
Improvement of running mechanics may be due to similarity of exercises performed 
during the training session to running. Our exercise program included various types of 
exercises that had to be performed with a unilateral stance, such as single-leg squat, step 
exercises, and the star excursion balance test. These exercise required participants to move 
their center of mass upward-downward and /or lateral positions, allowing the participants to 
move the leg into various directions and land on with proper form. According to the motor 
learning literature, one can transfer what she learned in the previous experience to new tasks 
if there are similarities in movement between the two tasks,
185
 and variety  of exercises could 
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enhance ability to transfer motor skills to another task.
221
 Lastly, fourteen out of fifteen 
participants in the INT group utilize the running as their one of their regular exercise. 
Although frequency of running was different across the participants, they may found the 
similarities in the exercise of our program to running and have consciously and 
unconsciously started applying these skills when they run as their routine activity. Based on 
the result of the current study and suggestions from motor learning theories,
221,222
 Thus, 
results of our study demonstrated that the exercise program utilized in this study may be 
beneficial in improving running mechanics in females in MKD.  
Contrary to our hypothesis, ROM and muscle strength that may contribute to knee 
valgus did not change as expected. The only significant change observed was DFKEROM, but 
it is only by 1.2 degrees. Lack of improvement in ROM in the targeted muscle groups may be 
due to two reasons. The baseline values for ROM (DFKF, SLR, HAB, and HAD) were 
within the normal ranges; therefore, they did not have much room to improve. Another 
reason could be due to dosage that was used in our study. Bandy et al.
223,224
 suggested four to 
five times stretching per week needed to demonstrate significant improvement in the 
hamstring flexibility while current study included 2 sets of 30 seconds for static stretching, 
which may not be sufficient enough to improve flexibility of the targeted muscle groups.  
Contrary to previous studies,
100,111
  strength of the gluteus medius, gluteus maximus, 
and hip external rotators did not improve following training. Our participants may not have 
muscle strength deficits at baseline as we included healthy individuals with no recent history 
of injuries. Therefore there was no much room left for improvement. Other reason may be 
due to progression of the exercise. Rate of progression in each exercise varied across our 
participants. For hip abduction strengthening, eight participants did not progress the intensity 
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once exercise progressed to standing hip abduction at week 3: they trained with same 
intensity for 4 weeks. For the gluteus maximus, eight participants remained same intensity 
when hip extension exercise progressed to quadruped exercise at week 3. For both exercises, 
intensity of the exercise did not progress because they could not perform with proper form or 
speed with increased intensity. Given the fact that progression of the exercise did not go as 
planned, it is not surprising that muscle strength did not improve. Although we ROM or 
muscle strength did not improve as expected, kinematics improvement was observed, 
indicating these changes in our participants are largely due to neuromuscular factors, not the 
ROM or muscle strength. 
 
Clinical implications 
Findings of this study are beneficial for clinicians when they design and conduct 
injury prevention exercise as well as rehabilitation. Bony alignments should be the clinicians 
concern as bony alignments influenced the magnitude of change following the exercise 
intervention in the current study. We observed the small changes in a number of kinematic 
variables before the values were adjusted for the bony alignment.  
We included series of simple exercise, such as squat, stair-stepping, hop, and jump 
exercises in multiple planes, in our exercise training program. Difference between our study 
and studies which did not demonstrate skill transfer is use of visual feedback. Previous study 
exhibited combination of both verbal and visual feedback had great benefit in changing 
rowing mechanics compared to visual or verbal feedback alone.
225
 We recommend use of 
both visual and verbal feedback for movement pattern re-training.  
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Limitations 
Our study is not without the limitations. We only examined the effect of training 
immediately after the training sessions completed. We do not know whether our participants 
needed extended period of time to adopt new movement pattern and show the greater change, 
or they may not be able to reach at the level where individuals without bony alignment 
abnormalities could improve. Follow-up assessment would be helpful to understand if the 
improvement observed at the post-training was transient or permanent change. The results of 
this study are generalized to healthy and active young adult females with MKD during the 
DLS. Males and individuals with pathologies may respond to this type of exercise differently. 
We did not control the history of sports activities for each participant. Previous sports 
experience may affect the response to the exercise program. Finally, the exercise program 
used in the current study was designed for individual training. The procedures and the 
exercise program may not be applicable for group training. 
 
Conclusion 
In conclusion, a six-week integrated exercise program improved knee kinematics 
during the single-leg squat. This type or intervention successfully improved dynamic knee 
valgus as well as hip external rotation displacement, which indicates that the improvement 
transferred to the running task that was not part of our exercise program. The magnitude of 
changes in these kinematics are influenced by bony alignment.  
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Table 1. Demographics 
Variables INT (N=21) CON (N=18) p-value 
Age (year) 20.95 ± 3.10 20.83 ± 3.01 0.904 
Height (cm)* 167.13 ± 5.00 162.32 ± 7.77 0.025 
Mass (Kg) 63.65 ± 8.42 64.91 ± 18.86 0.783 
Forefoot varus 5.00± 3.05 5.98 ± 2.78 0.327 
External Tibial torsion 21.68 ± 4.71 22.04 ± 6.34 0.651 
Femoral antetorsion  19.19 ± 9.46 25.37 ± 9.58 0.053 
INT=integrated exercise group; CON = control group. 
  
  
 
2
2
1
 
Table 2. Range of motion 
Variables Group Baseline 
Mean± SD 
95% CI Post-TR 
Mean± SD 
95% CI Change scores 
Mean± SD 
95% CI Effect Size p-value 
DFKE* INT 5.63 ± 4.60 3.17, 8.08 6.85 ± 5.02 4.18, 9.53 1.23 ± 2.61* -0.16, 2.62 0.86 0.02 
 CON 4.88 ± 3.39 3.07, 6.68 3.50 ± 3.02 1.89, 5.11 -1.38 ± 3.41 -3.19, 0.44   
DFKF INT 14.81 ± 7.37 10.88, 18.74 15.19 ± 6.37 11.79, 18.85 0.38 ± 4.60 -2.07, 2.82 0.06 0.88 
 CON 14.59 ± 7.55 10.57, 18.62 14.69 ± 6.01 11.48, 17.89 0.09 ± 5.57 -2.88, 3.06   
DFWB INT 44.36 ± 6.52 40.89, 47.84 46.40 ± 6.49 42.94, 49.86 2.04 ± 4.16 -0.18, 4.25 0.03 0.94 
 CON 45.77 ± 8.34 41.33, 50.22 47.71 ± 7.40 43.77, 51.65 1.94 ± 3.20 0.23, 3.64   
SLR INT 79.73 ± 6.92 76.04, 83.42 79.88 ± 6.77 76.27, 83.49 0.15 ± 5.90 -2.99, 3.29 -0.06 0.87 
 CON 78.42 ± 8.27 74.01, 82.82 78.92 ± 6.00 75.72, 82.11 0.50 ± 6.18 -2.79, 3.79   
HIR INT 39.14 ± 10.65 33.47, 44.82 40.54 ± 11.02 34.67, 46.41 1.40 ± 7.53 -2.62, 5.41 0.10 0.78 
 CON 49.56 ± 10.48 43.98, 55.14 50.36 ± 10.29 44.87, 55.85 0.80 ± 3.79 -1.22, 2.82   
HER INT 36.48 ± 10.38 30.94, 42.01 42.00 ± 12.31 35.44, 48.56 5.52 ± 8.87# 0.79, 10.25 0.64 0.08 
 CON 37.75 ± 9.33 32.78, 42.72 37.86 ± 8.43 33.37, 42.35 0.11 ± 7.99 -4.15, 4.37   
HEXTKE INT 13.06 ± 9.55 7.97, 18315 13.22 ± 8.03 8.94, 17.50 0.16 ± 6.58 -3.34, 3.67 0.20 0.57 
 CON 15.60 ± 9.27 10.66, 20.54 14.37 ± 7.85 10.18, 18.55 -1.24 ± 7.25 -5.10, 2.63   
HEXTKF INT 9.43 ± 7.32 5.53, 13.34 9.22 ± 5.51 6.29, 12.16 -0.21 ± 8.68 -4.84, 4.41 0.23 0.53 
 CON 10.63 ± 9.05 5.80, 15.45 8.46 ± 7.90 4.25, 12.67 -2.17 ± 8.62 -6.76, 2.42   
HAB INT 37.50 ± 6.34 34.12, 40.88 40.33 ± 8.25 35.94, 44.73 2.83 ± 8.97 -1.95, 7.61 0.58 0.11 
 CON 38.73 ± 6.59 35.22, 6.59 37.21 ± 4.86 34.62, 39.80 -1.52 ± 5.77 -4.59, 1.55   
HAD INT 33.24 ± 8.91 28.49, 37.99 35.41 ± 8.78 30.73, 40.09 2.18 ± 9.26 -2.76, 7.11 0.52 0.15 
 CON 33.54 ± 8.77 28.87, 38.22 31.27 ± 5.03 28.59, 33.95 -2.27 ± 7.73 -6.39, 1.85   
SD = standard deviation, CI = confidence interval. *indicates significant difference between the groups. 
  
 
2
2
2
 
Table 3. Maximal voluntary muscle strength 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Gluteus medius INT 3.19 ± 0.68 2.82, 3.55 3.51 ± 0.64 3.17, 3.86 0.34 ± 0.49# 0.07, 0.60 0.19 0.59 
 CON 3.39 ± 0.90 2.91, 3.87 3.60 ± 0.95 3.10, 4.11 0.20 ± 0.89 -0.28, 0.68   
Gluteus maximus INT 3.02 ± 0.69 2.65, 3.38 3.39 ± 0.72 3.00, 3.77 0.38 ± 0.83 -0.06, 0.82 -0.19 0.59 
 CON 3.21 ± 0.74 2.81, 3.60 3.76 ± 1.11 3.17, 4.35 0.56 ± 1.04 0.01, 1.11   
Hip external rotators INT 1.49 ± 0.23 1.36, 1.61 1.57 ± 0.23 1.45, 1.69 0.09 ± 0.25 -0.06, 0.39 -0.07 0.54 
 CON 1.41 ± 0.43 1.19, 1.64 1.58 ± 0.46 1.33, 1.82 0.16 ± 0.42 -0.05, 0.22   
SD = standard deviation, CI = confidence interval.  
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2
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Table 4. Adjusted Hip kinematics (Single-leg squat) 
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95% CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Single-
leg 
squat 
Start 
Hip flexion  INT 0.01  11.88 -1.71 2.84 -7.63, 4.21 -0.06 0.929 0.16 0.65 -0.54 0.04 0.85 0.367 0.04 
CON 0.75  5.90 2.09 2.71 -3.57, 7.76 
Hip adduction INT 0.21  3.73 0.29 1.25 -2.33, 2.90 0.003 0.992 0.124 0.417 0.018 0.871 0.37 0.552 0.02 
CON -0.61  3.66 -0.81 1.20 -3.31, 1.69 
Hip internal 
rotation 
INT 1.94  4.40 2.43 1.26 -0.20, 5.05 -0.23 0.434 -0.01 0.935 -0.02 0.853 2.82 0.109 0.12 
CON -0.59  3.57 -0.65 1.20 -3.16, 1.87 
Single-
leg 
squat 
Peak 
Hip flexion  INT -2.47  13.40 -5.36 3.53 -12.71, 2.00 0.41 0.620 -0.13 0.757 -0.18 0.561 3.12 0.093 0.14 
CON 2.76  6.67 3.68 3.37 -3.35, 10.72 
Hip adduction INT -2.35  7.01 -2.58 1.95 -6.65, 1.49 -0.30 0.512 0.09 0.698 -0.27 0.125 0.73 0.401 0.04 
CON -0.65  5.37 -0.15 1.87 -4.04, 3.75 
Hip abduction INT -0.22  3.86 -0.19 1.33 -2.95, 2.58 -0.13 0.668 0.15 0.350 0.52 0.870 0.19 0.671 0.01 
CON -0.81  4.09 -1.02 1.27 -3.66, 1.63 
Hip internal  
rotation 
INT 1.42  4.77 1.27 1.31 -1.47, 4.00 -0.23 0.444 -0.16 0.302 -0.04 0.757 0.38 0.543 0.02 
CON -.090 3.15 0.09 1.25 -2.53, 2.70 
Hip external 
rotation 
INT 2.36  5.92 2.61 1.49 -0.51, 5.72 -0.47 0.179 -0.01 0.956 -0.16 0.235 1.56 0.266 0.07 
CON -0.31  4.14 -0.10 1.43 -0.31, 2.88 
Single-
leg 
squat 
DSP 
Hip flexion  INT -2.48  9.19 -3.65 2.09 -8.00, 0.72 0.46 0.342 -0.29 0.263 0.36 0.06 2.97 0.100 0.13 
CON 2.02  5.24 1.59 2.00 -2.58, 5.76 
Hip adduction INT -2.56  5.62 -2.87 1.37 -5.72, 0.012 -0.30 0.349 -003 0.85 -0.29 0.024 3.16 0.091 0.14 
CON -0.04  3.90 0.67 1.31 -2.06, 3.40 
Hip abduction INT -0.43  1.11 -0.47 0.40 -1.31, 0.36 -0.13 0.156 0.03 0.572 -0.03 0.300 0.27 0.646 0.01 
CON -0.20  1.38 -0.20 0.38 -1.00, 0.60 
Hip internal  
rotation 
INT -0.52  1.54 -1.16 1.02 -3.28, 0.96 -0.01 0.99 -0.15 0.221 -0.02 0.87 1.65 0.214 0.08 
CON 0.50  3.76 0.74 0.97 -1.29, 2.76 
Hip external 
rotation 
INT 0.42  4.06 0.18 1.03 -1.97, 2.33 -0.24 0.310 0.003 0.98 -0.14 0.812 0.06 0.812 0.003 
CON 0.28  1.54 0.54 0.99 -1.51, 2.60 
SD = standard deviation, SE=standard error, Regression coefficientEta squared.  
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Table 5. Adjusted knee kinematics (Single-leg squat) 
Task Variables Group Unadjusted 
  
Adjusted  
  
Covariates F p-
value 

2 
   Mean SD 
 
Mean SE 
 
95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Single-
leg 
squat 
Start 
Knee flexion  INT 1.46  3.10 1.48 0.93 -0.46, 3.42 0.50 0.028 -0.15 0.111 0.04 0.212 0.35 0.461 0.02 
CON 0.34  3.39 -0.65 1.20 -3.16, 1.87 
Knee valgus INT 1.53  5.55 1.54 1.52 -1.62, 4.70 0.07 0.837 -0.29 0.126 0.15 0.261 0.13 0.726 0.01 
CON 0.80  4.06 0.76 1.45 -2.27, 3.78 
Knee internal 
rotation 
INT -4.00  10.64 -5.23 2.82 -11.10, 0.65 0.90 0.890 0.94 0.012 -0.38 0.135 1.93 0.180 0.18 
CON 0.47  10.21 0.46 2.69 -5.16, 6.08 
FPPA INT -0.96  2.36 -1.12 0.65 -2.48, 0.24 0.11 0.463 0.34 0.001 -0.15 0.36 0.53 0.474 0.03 
CON 0.04  3.25 -0.43 0.62 -1.73, 0.87 
Single-
leg 
squat 
Peak 
Knee flexion  INT 0.49  7.08 2.29 1.57 -0.98, 5.56 -0.10 0.781 0.27 0.16 -0.14 0.30 1.05 0.318 0.05 
CON -0.06  4.10 -0.40 1.50 -3.17, 3.09 
Knee varus INT 1.92  5.26 2.72 1.17 0.29, 5.16 -0.23 0.405 -0.31 0.038 0.20 0.058 3.30 0.084 0.142 
CON -0.03  3.00 -0.36 1.12 -2.69, 1.97 
Knee valgus* INT 2.34  3.63 2.42 0.73 0.89, 3.95 -0.15 0.377 -0.37 0.001 0.11 0.091 0.46 0.044 0.19 
CON 0.08  3.45 0.13 0.70 -1.34, 1.59 
Knee internal 
rotation 
INT 0.97  3.70 1.02 1.15 -1.38, 3.42 -0.17 0.541 -0.10 0.461 0.05 0.64 0.98 0.335 0.05 
CON -0.53  3.20 -0.64 1.10 -2.94, 1.66 
Knee external 
rotation 
INT 4.26  7.28 4.44 2.03 0.20, 8.68 0.03 0.956 -0.33 0.185 0.07 0.708 1.38 0.254 0.06 
CON 0.74  4.85 0.98 1.95 -3.08, 5.03 
FPPA-max INT -4.38  5.06 -4.25 1.45 -7.27, -1.24 0.27 0.426 0.29 0.106 0.013 0.917 0.140 0.126 0.113 
CON -0.09  4.77 -0.90 1.38 -3.78, 1.99 
FPPA-min INT -1.14  3.17 -1.28 0.80 -2.94, 0.38 0.01 0.971 0.37 0.001 -0.10 0.157 0.46 0.506 0.02 
CON -1.10  3.32 -0.50 0.76 -2.09, 1.09 
Single-
leg 
squat 
DSP 
Knee flexion  INT -0.97  8.32 0.81 1.75 -2.84, 4.47 -0.60 0.147 0.42 0.058 -0.19 0.232 0.36 0.554 0.018 
CON -0.40  4.09 -0.72 1.68 -4.22, 2.78 
Knee varus INT 0.38  5.57 1.18 1.44 -1.83, 4.19 -0.30 0.375 -0.02 0.903 0.05 0.687 1.21 0.285 0.06 
CON -0.83  3.04 -1.12 1.38 -4.00, 1.76 
Knee valgus* INT 0.81  6.30 0.88 1.50 -2.40, 4.16 -0.22 0.540 -0.08 0.673 -0.04 0.776 0.44 0.515 0.02 
CON -0.72  3.72 -0.63 1.57 -3.77, 2.50 
Knee internal 
rotation 
INT 4.97  13.02 6.24 3.45 -0.95, 13.44 -0.26 0.020 -0.26 0.740 0.43 0.168 2.15 0.158 0.10 
CON -1.00  11.64 -1.10 3.30 -8.00, 5.79 
Knee external 
rotation 
INT 8.28  15.45 9.67 3.91 1.52, 17.82 -0.07 0.943 -1.27 0.013 0.45 0.20 2.60 0.123 0.12 
CON 0.27  12.57 0.52 3.74 -7.28, 8.32 
FPPA-max INT -3.42  4.16 6.17 1.37 3.32, 9.01 0.16 0.568 -0.08 0.562 0.04 0.704 0.091 0.062 0.150 
CON -0.05  3.72 8.56 1.22 6.04, 11.08 
FPPA-min INT -0.18  1.74 -0.15 0.44 -1.06, 0.77 -0.10 0.327 0.05 0.356 -0.05 0.208 0.014 0.905 0.001 
CON -0.07  0.70 -0.22 0.39 -0.10, 0.59 
SD = standard deviation, SE=standard error, Regression coefficientEta squared, FPPA = frontal plane projection angle. *indicates significant difference. 
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Table 6. Adjusted Hip kinematics – Running 
Task Variables Group Unadjusted 
 
Adjusted Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Running 
Start 
Hip flexion  INT -1.08  7.80 -2.83 2.36 -7.74, 2.09 0.47 0.394 -0.33 0.239 -0.24 0.243 0.000 0.986 0.00 
CON -3.76  8.06 -2.77 2.17 -7.29, 1.75 
Hip adduction INT 0.10  3.31 0.50 0.93 -1.43, 2.44 0.16 0.461 0.06 0.496 -0.07 0.410 0.14 0.714 0.01 
CON -0.10  2.64 0.02 0.86 -1.76, 1.79 
Hip internal 
rotation* 
INT 1.90  4.42 2.86 1.75 -0.76, 6.50 0.24 0.555 -0.04 0.849 0.18 0.228 9.47 0.006 0.31 
CON -4.32  6.38 -4.73 1.61 -8.08, -1.39 
Running 
Peak 
Hip flexion  INT -2.47  -2.47  -4.50 1.91 -8.48, -0.52 0.34 0.448 -0.28 0.22 -0.16 0.32 0.38 0.543 0.02 
CON 2.76  2.76  -2.83 1.76 -6.49, 0.83 
Hip adduction INT -2.35  -2.35  0.72 1.31 -2.02, 3.45 0.14 0.639 0.09 0.572 0.14 0.863 0.13 0.725 0.01 
CON -0.65  -0.65  1.38 1.21 -1.14, 3.89 
Hip abduction INT -0.22  -0.22  0.53 0.93 -1.40, 2.45 -0.12 0.57 -0.01 0.903 -0.01 0.909 0.09 0.769 0.00 
CON -0.81  -0.81  0.14 0.85 -1.63, 1.91 
Hip internal  
Rotation* 
INT 1.42  1.42  2.88 1.68 -0.62, 6.38 0.28 0.483 -0.05 0.784 0.19 0.187 9.99 0.005 0.32 
CON -.09  -.09  -4.63 1.55 -7.85, -1.41 
Hip external 
rotation 
INT 2.36  2.36  -1.67 1.43 -4.63, 1.30 -0.18 0.588 -0.32 0.068 0.07 0.552 0.37 0.548 0.02 
CON -0.31  -0.31  -0.44 1.31 -3.16, 2.29 
Running 
DSP 
Hip flexion  INT -2.48  -2.48  -1.67 1.60 -5.01, 1.67 -0.13 0.721 0.05 0.777 0.07 0.583 0.51 0.485 0.02 
CON 2.02  2.02  -0.06 1.48 -3.13, 3.01 
Hip adduction INT -2.56  -2.56  0.21 0.89 -1.65, 2.07 -0.02 0.936 0.01 0.903 0.08 0.270 0.83 0.373 0.04 
CON -0.04  -0.04  1.36 0.82 -0.35, 3.07 
Hip abduction INT -0.43  -0.43  0.02 1.01 -2.08, 2.13 -0.28 0.234 0.09 0.462 0.06 0.512 0.005 0.945 0.00 
CON -0.20  -0.20  0.12 0.93 -1.81, 2.06 
Hip internal  
rotation 
INT -0.52  -0.52  0.02 0.17 -0.32, 0.36 0.04 0.364 -0.02 0.441 0.01 0.455 0.12 0.736 0.001 
CON 0.50  0.50  0.10 0.15 -0.22, 0.42 
Hip external 
rotation* 
INT 0.42  0.42  -4.53 1.82 -8.32, -0.73 -0.42 0.327 -0.28 0.201 -0.11 0.481 11.74 0.003 0.36 
CON 0.28  0.28  4.23 1.68 0.80, 7.79 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. *indicates significant difference. 
 
  
  
 
2
2
6
 
Table 7. Adjusted knee kinematics – Running 
Task Variables Group Mean Adjusted  Covariates F p-
value 

2 
   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Running 
Start 
Knee flexion  INT 1.78  4.09 2.61 1.27 -0.03, 5.26 0.26 0.384 0.14 0.340 0.02 0.857 1.46 0.240 0.07 
CON 0.60  4.25 0.45 1.17 -1.99, 2.88 
Knee valgus* INT 2.76  3.61 3.50 0.96 1.51, 5.49 -0.001 0.995 -0.22 0.061 0.12 0.163 6.28 0.020 0.23 
CON 0.21  3.19 0.12 0.88 -1.72, 1.95 
Knee internal 
rotation 
INT -0.55  7.53 -0.46 1.88 -4.37, 3.46 0.11 0.799 -0.34 0.141 -0.19 0.245 0.84 0.371 0.04 
CON 1.16  5.15 1.97 1.73 -1.63, 5.58 
FPPA INT -2.32  4.23 -2.88 1.28 -5.54, -0.22 0.10 0.746 0.25 0.112 0.05 0.613 1.30 0.267 0.06 
CON -0.75  4.15 -0.83 1.18 -3.27, 1.62 
Running 
Peak 
Knee flexion  INT 3.97  7.83 5.17 2.56 -0.15, 10.50 0.06 0.916 0.28 0.360 0.18 0.401 0.98 0.333 0.05 
CON 2.32  7.75 1.59 2.36 -3.31, 6.49 
Knee varus* INT 2.82  3.93 3.75 1.00 1.67, 5.84 0.04 0.854 -0.23 0.063 0.172 0.051 7.14 0.014 0.25 
CON 0.21  3.42 -0.03 0.92 -1.94, 1.89 
Knee valgus* INT 3.45  5.67 4.08 1.18 1.63, 6.53 -0.11 0.681 -0.32 0.031 0.11 0.293 7.93 0.010 0.27 
CON -0.61  2.52 -0.61 1.09 -2.86, 1.65 
Knee internal 
rotation 
INT 0.49  7.80 0.69 1.71 -2.87, 4.24 0.29 0.472 -0.44 0.040 -0.15 0.308 0.06 0.810 0.003 
CON 0.44  4.31 1.27 1.57 -2.00, 4.55 
Knee external 
rotation 
INT 0.23  9.24 0.68 2.10 -3.68, 5.05 0.15 0.756 -0.60 0.022 -0.08 0.646 0.19 0.669 0.009 
CON 1.17  4.95 1.96 1.93 -2.05, 5.98 
FPPA-max INT -2.22  4.46 -2.76 1.20 -5.26, -0.26 0.07 0.809 0.27 0.070 -0.027 0.240 1.46 0.240 0.07 
CON -0.54  3.49 -0.71 1.11 -3.01, 1.59 
FPPA-min INT -2.24  4.53 -2.92 1.30 -5.62, -0.22 -0.05 0.878 0.21 0.187 -0.07 0.511 2.12 0.160 0.09 
CON -0.24  3.72 -0.25 1.19 -2.74, 2.23 
Running 
DSP 
Knee flexion  INT 2.19  6.62 2.56 1.95 -1.49, 6.61 -0.20 0.665 0.14 0.559 0.16 0.325 0.27 0.612 0.01 
CON 1.72  5.57 1.15 1.79 -2.58, 4.87 
Knee varus INT 0.06  1.18 0.25 0.31 -0.39, 0.89 0.04 0.539 -0.01 0.813 0.06 0.036 0.81 0.379 0.04 
CON 0.00  0.79 -0.14 0.28 -0.73, 0.45 
Knee valgus INT 0.69  3.24 0.58 0.93 -1.35, 2.51 -0.11 0.606 -0.10 0.378 -0.01 0.905 0.99 0.332 0.05 
CON -0.82  2.67 -0.72 0.85 -2.50, 1.06 
Knee internal 
rotation 
INT 1.03  2.34 1.14 0.76 -0.43, 2.72 0.18 0.321 -0.10 0.268 0.04 0.546 2.97 0.100 0.12 
CON -0.71  2.57 -0.70 0.70 -2.15, 0.75 
Knee external 
rotation 
INT 0.78  3.32 1.14 0.78 -0.47, 2.45 0.04 0.822 -0.27 0.007 0.11 0.115 1.10 0.307 0.05 
CON 0.02  2.48 -0.008 0.78 -0.47, 2.75 
FPPA-max INT 0.10  0.95 -3.24 1.23 -5.79, -0.69 0.16 0.568 -0.08 0.562 0.04 0.704 3.87 0.062 0.15 
CON 0.21  1.15 0.12 1.09 -2.15, 2.38 
FPPA-min INT 0.07  1.64 -0.15 0.44 -1.06, 0.77 -0.10 0.327 0.05 0.356 -0.05 0.208 0.014 0.905 0.001 
CON 0.51  1.62 -0.22 0.39 -1.03, 0.59 
SD = standard deviation, SE=standard error, Regression coefficientEta squared, FPPA = frontal plane projection angle. *indicates significant difference. 
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Table 8. Ankle dorsiflexion kinematics adjusted values – Single-leg squat and Running 
Task Variables Group Unadjusted 
 
Adjusted  Covariates F p-
value 

   Mean SD 
 
Mean SE 
 
95%CI 
 
Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
  
         p-value  p-value  p-value   
Single-
leg squat 
 
Start  INT 1.46  3.10 1.48 0.93 -0.46, 3.42 0.50 0.028 -0.15 0.199 0.043 0.600 0.35 0.561 0.02 
CON 0.34  3.39 0.68 0.89 -1.18, 2.54 
Peak INT 1.60  4.12 1.18 1.16 -1.24, 3.61 0.34 0.218 -0.31 0.040 0.02 0.813 0.22 0.646 0.01 
CON -0.10  4.11 0.40 1.11 -1.92, 2.72 
Displacement INT 0.14  3.30 -0.29 1.15 -0.27, 2.11 -0.17 0.536 -0.16 0.265 -0.02 0.853 0.00 0.995 0.00 
CON -0.44  4.00 -0.28 1.10 -2.58, 2.02 
Running Start  INT 3.05  6.68 2.95 1.80 -0.79, 6.70 0.61 0.156 -0.072 0.736 0.246 0.114 2.00 0.172 0.09 
CON -0.13  6.53 -0.64 1.66 -4.08, 2.81 
Peak INT -0.35  5.30 0.13 1.43 -2.84, 3.10 0.83 0.020 -0.19 0.257 0.14 0.268 0.28 0.601 0.01 
CON -0.87  4.69 -0.94 1.31 -3.67. 1.79 
Displacement INT -3.40  5.29 -2.82 1.40 -5.73, 0.09 0.22 0.501 -0.12 0.462 -0.11 0.348 1.63 0.22 0.07 
CON -0.74  5.52 -0.30 1.29 -2.98, 2.37 
SD = standard deviation, SE=standard error, Regression coefficientEta squared. 
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Table 9. Hip Kinematics unadjusted values -Single-leg squat 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Single-leg squat Hip flexion INT -4.06 ± 9.12 -9.11, 0.99 -4.05 ± 9.33 -9.22, 1.12 0.01 ± 11.88 -6.57, 6.59 0.08 0.841 
Start  CON -3.67 ± 5.98 -7.28, -0.05 -2.92 ± 6.47 -6.83, 0.99 0.75 ± 5.90 -2.82, 4.31   
 Hip adduction INT 4.46 ± 3.17 2.70, 6.21 4.67 ± 3.50 2.74, 6.61 0.21 ± 3.73 -1.85, 2.28 0.22 0.563 
  CON 4.90 ± 2.86 3.18, 6.63 4.30 ± 3.19 2.36, 6.23 -0.61 ± 3.66 -2.82, 1.60   
 Hip internal rotation INT -1.76 ± 3.51 -3.71, 0.18 0.18 ± 4.54 -2.33, 2.69 1.94 ± 4.40 -0.49, 4.38 0.62 0.110 
  CON 0.72 ± 4.57 -2.04, 3.49 0.13 ± 3.91 -2.23, 2.49 -0.59 ± 3.57 -2.75, 1.57   
Single-leg squat Hip flexion INT -48.44 ± 14.96 -56.73, -40.16 -50.91 ± 13.13 -58.18, -43.64 -2.47 ± 13.40 -9.89, 4.95 -0.49 0.21 
Peak  CON -45.88 ± 15.19 -55.05, -36.70 -43.11 ± 19.69 -55.01, -31.22 2.76 ± 6.67 -1.26, 6.79   
 Hip adduction INT 18.68 ± 5.37 15.71, 21.66 16.33 ± 6.80 12.57, 20.10 -2.35 ± 7.01 -6.23, 1.53 -0.27 0.48 
  CON 18.42 ± 5.46 15.12, 21.72 17.77 ± 5.87 14.22, 21.31 -0.65 ± 5.37 -3.90, 2.59   
 Hip abduction INT 3.99 ± 3.46 2.07, 5.90 3.77 ± 3.93 1.60, 5.94 -0.22 ± 3.86 -2.36, 1.92 0.13 0.70 
  CON 4.38 ± 3.05 2.54, 6.22 3.57 ± 3.66 1.36, 5.78 -0.81 ± 4.09 -3.28, 1.66   
 Hip internal rotation INT 3.96 ± 4.63 1.40, 6.53 5.39 ± 4.81 2.72, 8.05 1.42 ± 4.77 -1.22, 4.06 0.37 0.34 
  CON 7.04 ± 4.73 4.18, 9.89 6.95 ± 5.15 3.84, 10.06 -.09 ± 3.15 -1.99, 1.81   
 Hip external rotation INT -3.90 ± 5.13 -6.74, -1.06 -1.54 ± 4.61 -4.10, 1.01 2.36 ± 5.92 -0.92, 5.63 0.52 0.16 
  CON -0.31 ± 4.14 -2.81, 2.19 -0.62 ± 3.64 -2.81, 1.58 -0.31 ± 4.14 -2.29, 1.67   
Single-leg squat Hip flexion INT -44.39 ± 13.18 -51.69, -37.09 -46.86 ± 12.77 -53.93, 53.93 -2.48 ± 9.19 -7.56, 2.61 -0.61 0.13 
Displacement  CON -42.21 ± 15.04 -51.30, -33.12 -40.19 ± 16.25 -50.01, -30.38 2.02 ± 5.24 -1.15, 5.19   
 Hip adduction INT 14.23 ± 5.20 11.35, 17.11 11.66 ± 4.97 8.91, 14.42 -2.56 ± 5.62 -5.68, 0.55 -0.52 0.19 
  CON 13.51 ± 5.16 10.39, 16.64 13.47 ± 5.25 10.30, 16.65 -0.04 ± 3.90 -2.40, 2.31   
 Hip abduction INT -0.47 ± 0.49 -0.74, -0.20 -0.90 ± 1.32 -1.63, -0.17 -0.43 ± 1.11 -1.04, 0.18 0.31 0.63 
  CON -0.53 ± 0.99 -1.13, 0.07 -0.73 ± 0.79 -1.20, -0.25 -0.20 ± 1.38 -1.04, 0.64   
 Hip internal rotation INT 5.73 ± 2.68 4.24, 7.22 5.21 ± 3.40 3.33, 7.09 -0.52 ± 1.54 -1.90, 0.85 -0.36 0.40 
  CON 6.31 ± 2.94 4.54, 8.09 6.82 ± 3.87 4.48, 9.16 0.50 ± 3.76 -1.78, 2.78   
 Hip external rotation INT -2.14 ± 3.64 -4.15, -0.12 -1.72 ± 1.65 -2.64, -0.81 0.42 ± 4.06 -1.83, 2.66 0.05 0.91 
  CON -1.03 ± 1.57 -1.98, -0.09 -0.75 ± 0.62 -1.12, -0.38 0.28 ± 1.54 -0.65, 1.22   
SD = standard deviation, CI = confidence interval.  
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Table 10. Knee kinematics unadjusted values -Single-leg squat 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P value 
Single-leg squat Knee flexion INT 8.79 ± 5.05 5.99, 11.59 10.25 ± 3.09 8.54, 11.96 1.46 ± 3.10 -0.26, 3.18 0.35 0.369 
Start  CON 8.22 ± 4.22 5.67, 10.77 8.55 ± 5.25 5.38, 11.73 0.34 ± 3.39 -1.71, 2.38   
 Knee valgus INT -2.45 ± 2.80 -4.01, -0.90 -0.92 ± 5.24 -3.82, 1.98 1.53 ± 5.55 -1.54, 4.60 0.15 0.697 
  CON -1.65 ± 3.01 -3.47, 0.17 -0.85 ± 2.74 -2.51, 0.80 0.80 ± 4.06 -1.65, 3.25   
 Knee internal rotation INT -3.01 ± 12.83 -10.12, 4.09 -7.02 ± 8.97 -11.99, -2.05 -4.00 ± 10.64 -9.90, 1.89 -0.43 0.269 
  CON -1.75 ± 12.79 -9.48, 5.98 -1.28 ± 11.31 -8.12, 5.56 0.47 ± 10.21 -5.7, 6.64   
 Frontal plane  INT 4.00 ± 4.04 1.76, 6.24 3.04 ± 3.15 1.29, 4.79 -0.96 ± 2.36 -2.27, 0.35 -0.67 0.356 
 Projection angle CON 4.09 ± 3.35 2.15, 6.02 4.05 ± 3.43 2.07, 6.03 0.04 ± 3.25 -1.92, 1.84   
Single-leg squat Knee flexion INT 62.98 ± 7.69 58.72, 67.24 63.46 ± 8.31 58.86, 68.07 0.49 ± 7.08 -3.43, 4.41 0.10 0.20 
Peak  CON 62.76 ± 5.33 59.54, 65.98 62.70 ± 6.77 58.61, 66.79 -0.06 ± 4.10 -2.54, 2.41   
 Knee varus INT -0.11 ± 5.79 -3.32, 3.09 1.80 ± 6.83 -1.98, 5.59 1.92 ± 5.26 -1.00, 4.83 0.46 0.25 
  CON -0.08 ± 4.29 -2.67, 2.51 -0.11 ± 5.60 -3.49, 3.27 -0.03 ± 3.00 -1.84, 1.78   
 Knee valgus INT -7.76 ± 5.23 -10.66, -4.86 -5.42 ± 4.10 -7.69, -3.41 2.34 ± 3.63 0.33, 4.35 0.64 0.10 
  CON -5.99 ± 3.68 -8.21, -3.77 -5.91 ± 3.33 -7.92, -3.90 0.08 ± 3.45 -2.01, 2.17   
 Knee internal rotation INT -2.86 ± 3.60 -4.85, -0.86 -1.89 ± 3.70 -3.95, 0.16 0.97 ± 3.70 -1.08, 3.02 0.43 0.27 
  CON -5.27 ± 4.86 -8.20, -2.33 -5.80 ± 3.91 -8.16, -3.43 -0.53 ± 3.20 -2.46, 1.40   
 Knee external rotation INT -22.27 ± 6.86 -26.07, -18.48 -18.01 ± 7.84 -22.35, -13.67 4.26 ± 7.28 0.23, 8.29 0.57 0.15 
  CON -21.93 ± 5.18 -25.06, -18.80 -21.19 ± 4.59 -23.97, -18.42 0.74 ± 4.85 -2.19, 3.67   
 Frontal plane  INT 13.24 ± 4.54 10.73, 15.75 8.86 ± 4.38 6.43, 11.28 -4.38 ± 5.06 -7.19, -1.58 -0.87 0.05 
 projection angle-max* CON 13.66 ± 5.39 10.55, 16.78 13.57 ± 5.43 10.43, 16.70 -0.09 ± 4.77 -2.85, 2.66   
 Frontal plane  INT 3.20 ± 4.50 0.71, 5.69 2.06 ± 3.21 0.28, 3.84 -1.14 ± 3.17 -2.90, 0.61 -0.01 0.52 
 projection angle-min CON 3.72 ± 3.21 1.86, 5.57 3.61 ± 4.51 1.58, 5.63 -1.10 ± 3.32 -2.03. 1.81   
Single-leg squat Knee flexion INT 54.19 ± 9.39 48.98, 59.39 53.22 ± 7.62 49.00, 57.44 -0.97 ± 8.32 -5.58, 3.64 -0.09 0.82 
Displacement  CON 54.54 ± 785 49.08, 59.28 54.14 ± 9.94 48.14, 60.15 -0.40 ± 4.09 -2.87, 2.07   
 Knee varus INT 2.34 ± 6.94 -1.50, 6.18 2.72 ± 7.42 -1.38, 6.83 0.38 ± 5.57 -2.70, 3.46 0.27 0.49 
  CON 1.57 ± 4.83 -1.35, 4.49 0.75 ± 4.37 -1.90, 3.89 -0.83 ± 3.04 -2.66, 1.01   
 Knee valgus INT -5.30 ± 5.92 -8.58, -2.03 -4.50 ± 6.37 -8.03, -0.97 0.81 ± 6.30 -2.68, 4.30 0.30 0.45 
  CON -4.37 ± 3.94 -6.71, -1.96 -5.06 ±2.78 -6.74, -3.37 -0.72 ± 3.72 -3.07, 1.53   
 Knee internal rotation INT 0.15 ± 15.53 -8.45, 8.76 5.13 ± 11.71 -1.36, 11.61 4.97 ± 13.02 -2.24, 12.18 0.48 0.22 
  CON -3.52 ± 15.42 -12.84, 5.81 -4.52 ± 14.08 -13.02, 4.00 -1.00 ± 11.64 -8.03, 6.03   
 Knee external rotation INT -19.26 ± 18.14 -29.31, -9.21 -11.00 ± 15.11 -19.96, -2.62 8.28 ± 15.45 -0.34, 16.88 0.57 0.15 
  CON -20.18 ± 15.57 -29.59, -10.77 -19.91 ± 13.42 -28.02, -11.81 0.27 ± 12.57 -7.33, 7.87   
 Maximal frontal plane*  INT 13.24 ± 4.54 10.73, 15.75 8.86 ± 4.38 6.43, 11.28 -3.42 ± 4.16 -5.73, -1.12 -0.85 0.02 
 projection angle CON 13.66 ± 5.39 10.55, 16.78 13.57 ± 5.43 10.47, 16.70 -0.05 ± 3.72 -2.20, 2.10   
 Minimal frontal plane  INT 3.20 ± 4.50 0.71, 5.6 2.06 ± 3.21 0.28, 3.84 -0.18 ± 1.74 -1.15, 0.78 -0.08 0.90 
 projection angle CON 3.72 ± 3.21 1.86, 5.57 3.61 ± 3.51 1.58, 5.63 -0.07 ± 0.70 -0.47, 0.34   
SD = standard deviation, CI = confidence interval.* indicates significant difference.   
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Table 11. Hip Kinematics unadjusted values -Running 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Running Hip flexion INT -21.48 ± 7.34 -25.54, -17.41 -22.56 ± 7.22 -26.56, -16.56 -1.08 ± 7.80 -5.40, 3.23 0.34 0.37 
Initial Contact  CON -22.78 ± 7.33 -27.02, -18.55 -26.54 ± 5.58 -29.76, -23.33 -3.76 ± 8.06 -8.41, 0.90   
 Hip adduction INT 4.60 ± 3.85 2.47, 6.74 4.70 ± 4.26 2.34, 7.06 0.10 ± 3.31 -1.74, 1.93 0.07 0.85 
  CON 4.41 ± 4.47 1.83, 6.99 4.30 ± 4.58 1.66, 6.95 -0.10 ± 2.64 -1.63, 1.42   
 Hip internal rotation* INT 5.04 ± 5.53 1.98, 8.10 6.95 ± 5.98 3.63, 10.26 1.90 ± 4.42 -0.54, 4.35 1.13 0.005 
  CON 8.96 ± 5.19 5.96, 11.96 4.63 ± 5.23 1.61, 7.65 -4.32 ± 6.38 -8.00, -0.64   
Running Hip flexion INT -48.44 ± 14.96 -56.73, -40.16 -50.91 ± 13.13 -58.18, -43.64 -2.47 ± 13.40 -9.89, 4.95 -0.49 0.21 
Peak  CON -45.88 ± 15.19 -55.05, -36.70 -43.11 ± 19.69 -55.01, -31.22 2.76 ± 6.67 -1.26, 6.79   
 Hip adduction INT 18.68 ± 5.37 15.71, 21.66 16.33 ± 6.80 12.57, 20.10 -2.35 ± 7.01 -6.23, 1.53 -0.27 0.48 
  CON 18.42 ± 5.46 15.12, 21.72 17.77 ± 5.87 14.22, 21.31 -0.65 ± 5.37 -3.90, 2.59   
 Hip abduction INT 3.99 ± 3.46 2.07, 5.90 3.77 ± 3.93 1.60, 5.94 -0.22 ± 3.86 -2.36, 1.92 0.13 0.70 
  CON 4.38 ± 3.05 2.54, 6.22 3.57 ± 3.66 1.36, 5.78 -0.81 ± 4.09 -3.28, 1.66   
 Hip internal rotation INT 3.96 ± 4.63 1.40, 6.53 5.39 ± 4.81 2.72, 8.05 1.42 ± 4.77 -1.22, 4.06 0.37 0.34 
  CON 7.04 ± 4.73 4.18, 9.89 6.95 ± 5.15 3.84, 10.06 -.09 ± 3.15 -1.99, 1.81   
 Hip external rotation INT -3.90 ± 5.13 -6.74, -1.06 -1.54 ± 4.61 -4.10, 1.01 2.36 ± 5.92 -0.92, 5.63 0.52 0.16 
  CON -0.31 ± 4.14 -2.81, 2.19 -0.62 ± 3.64 -2.81, 1.58 -0.31 ± 4.14 -2.29, 1.67   
Running Hip flexion INT -44.39 ± 13.18 -51.69, -37.09 -46.86 ± 12.77 -53.93, 53.93 -2.48 ± 9.19 -7.56, 2.61 -0.61 0.13 
Displacement  CON -42.21 ± 15.04 -51.30, -33.12 -40.19 ± 16.25 -50.01, -30.38 2.02 ± 5.24 -1.15, 5.19   
 Hip adduction INT 14.23 ± 5.20 11.35, 17.11 11.66 ± 4.97 8.91, 14.42 -2.56 ± 5.62 -5.68, 0.55 -0.52 0.19 
  CON 13.51 ± 5.16 10.39, 16.64 13.47 ± 5.25 10.30, 16.65 -0.04 ± 3.90 -2.40, 2.31   
 Hip abduction INT -0.47 ± 0.49 -0.74, -0.20 -0.90 ± 1.32 -1.63, -0.17 -0.43 ± 1.11 -1.04, 0.18 0.31 0.63 
  CON -0.53 ± 0.99 -1.13, 0.07 -0.73 ± 0.79 -1.20, -0.25 -0.20 ± 1.38 -1.04, 0.64   
 Hip internal rotation INT 5.73 ± 2.68 4.24, 7.22 5.21 ± 3.40 3.33, 7.09 -0.52 ± 1.54 -1.90, 0.85 -0.36 0.40 
  CON 6.31 ± 2.94 4.54, 8.09 6.82 ± 3.87 4.48, 9.16 0.50 ± 3.76 -1.78, 2.78   
 Hip external rotation INT -2.14 ± 3.64 -4.15, -0.12 -1.72 ± 1.65 -2.64, -0.81 0.42 ± 4.06 -1.83, 2.66 0.05 0.91 
  CON -1.03 ± 1.57 -1.98, -0.09 -0.75 ± 0.62 -1.12, -0.38 0.28 ± 1.54 -0.65, 1.22   
 SD = standard deviation, CI = confidence interval.*indicates significant difference. 
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Table 12. Knee Kinematics unadjusted values -Running 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P value 
Running Knee flexion INT 13.30 ± 5.69 10.15, 16.45 15.08 ± 4.40 12.64, 17.51 1.78 ± 4.09 -0.49, 4.05 0.28 0.453 
Initial contact  CON 14.77 ± 4.41 12.22, 17.32 15.37 ± 3.46 13.37, 17.37 0.60 ± 4.25 -1.86, 3.06   
 Knee valgus INT -4.55 ± 4.67 -7.14, -1.96 -1.79 ± 2.75 -3.31, -0.27 2.76 ± 3.61# 0.76, 4.76 0.75 0.055 
  CON -1.72 ± 4.19 -4.14, 0.70 -1.51 ± 3.39 -3.47, 0.45 0.21 ± 3.19 -1.63, 2.05   
 Knee internal rotation INT -10.71 ± 5.96 -14.01, -7.42 -11.23 ± 5.59 -14.36, -8.16 -0.55 ± 7.53 -4.72, 3.62 -0.27 0.467 
  CON -12.66 ± 7.11 -16.77, -8.56 -11.51 ± 7.08 -15.60, -7.42 1.16 ± 5.15 -1.82, 4.13   
 Frontal plane  INT 10.58 ± 5.23 7.68, 13.47 13.63 ± 8.29 9.04, 18.22 -2.32 ± 4.23 -4.66, 0.03 -0.37 0.324 
 Projection angle CON 11.85 ± 7.00 7.81, 16.89 11.72 ± 4.65 9.03, 14.40 -0.75 ± 4.15 -3.15, 1.65   
Running Knee flexion INT 37.51 ± 10.01 31.97, 43.06 41.48 ± 4.90 38.77, 44.20 3.97 ± 7.83 -0.37, 8.30 0.21 0.57 
Peak  CON 38.05 ± 7.76 33.57, 42.53 40.37 ± 4.76 37.63, 43.12 2.32 ± 7.75 -2.15, 6.80   
 Knee varus INT -3.76 ± 4.96 -6.50, -1.01 -0.94 ± 2.79 -2.48, 0.61 2.82 ± 3.93# 0.65, 5.00 0.71 0.068 
  CON -1.45 ± 4.48 -4.03, 1.14 -1.24 ± 3.41 -3.21, 0.73 0.21 ± 3.42 -1.77, 2.18   
 Knee valgus* INT -8.07 ± 5.16 -10.93, -5.21 -4.62 ± 2.86 -6.21, -3.04 3.45 ± 5.67*# 0.31, 6.58 0.93 0.021 
  CON -5.04 ± 2.74 -6.62, -3.46 -5.65 ± 3.19 -7.49, -3.81 -0.61 ± 2.52 -2.07, 0.85   
 Knee internal rotation INT -7.59 ± 5.99 -10.91, -4.27 -7.10 ± 5.59 -10.20, -4.01 0.49 ± 7.80 -3.83, 4.81 0.01 0.99 
  CON -7.07 ± 4.42 -9.62, -4.52 -6.62 ± 5.30 -9.68, -3.56 0.44 ± 4.31 -2.05, 2.93   
 Knee external rotation INT -13.90 ± 7.79 -18.21, 9.59 -13.67 ± 6.07 -17.03, -10.31 0.23 ± 9.24 -4.88, 5.35 -0.13 0.74 
  CON -14.40 ± 5.40 -17.51, -11.28 -13.23 ± 5.75 -16.54, -9.91 1.17 ± 4.95 -1.69, 4.03   
 Maximal frontal plane  INT 7.19 ± 5.79 3.99, 10.40 4.97 ± 4.07 3.27, 6.68 -2.22 ± 4.46 -4.69, 0.25 -0.42 0.271 
 Projection angle CON 5.70 ± 5.11 2.74, 8.65 5.16 ± 4.75 2.42, 7.90 -0.54 ± 3.49 -2.55, 1.47   
 Minimal frontal plane  INT 3.38 ± 5.30 0.45, 6.32 1.14 ± 3.42 -0.76, 3.30 -2.24 ± 4.53 -4.75, 0.27 -0.48 0.207 
 Projection angle  CON 1.64 ± 5.62 -1.60, 4.89 1.40 ± 4.84 -1.40, 4.20 -0.24 ± 3.72 -2.39, 1.90   
Running Knee flexion INT 24.22 ± 8.32 19.61, 28.82 26.41 ± 5.04 23.62, 29.02 2.19 ± 6.62 -1.48, 5.86 0.08 0.839 
Displacement  CON 23.28 ± 6.07 19.78, 26.78 25.00 ± 5.25 21.97, 28.04 1.72 ± 5.57 -1.49, 4.94   
 Knee varus INT 0.79 ± 1.55 -0.07, 1.65 0.85 ± 0.93 0.33, 1.37 0.06 ± 1.18 -0.59, 0.71 0.06 0.862 
  CON 0.27 ± 0.61 -0.08, 0.63 0.27 ± 0.54 -0.04, 0.58 0.00 ± 0.79 -0.46, 0.45   
 Knee valgus INT -3.52 ± 3.07 -5.22, -1.82 -2.84 ± 2.50 -4.22, -1.45 0.69 ± 3.24 -1.11, 2.48 0.51 0.185 
  CON -3.32 ± 3.19 -5.61, -1.47 -4.14 ± 1.80 -5.18, -3.10 -0.82 ± 2.67 -2.36, 0.72   
 Knee internal rotation INT 3.12 ± 2.14 1.94, 4.31 4.16 ± 2.29 2.89, 5.42 1.03 ± 2.34 -0.26, 2.32 0.71 0.066 
  CON 5.60 ± 4.12 3.22, 7.97 4.89 ± 3.66 2.77, 7.00 -0.71 ± 2.57 -2.19, 0.77   
 Knee external rotation INT -3.19 ± 3.47 -5.11, -1.26 -2.41 ± 3.41 -4.30, -0.52 0.78 ± 3.32 -1.06, 2.62 0.19 0.492 
  CON -1.73 ± 2.78 -3.34, -0.13 -1.72 ± 2.30 -3.04, -0.39 0.02 ± 2.48 -1.41, 1.45   
 Maximal frontal plane  INT 0.82 ± 1.17 0.17, 1.47 0.92 ± 1.12 0.30, 1.54 0.10 ± 0.95 -0.44, 0.64 -0.10 0.781 
 projection angle CON 1.53 ± 1.65 0.59, 2.49 1.75 ± 0.94 0.95, 2.57 0.21 ± 1.15 -0.45, 0.87   
 Minimal frontal plane  INT -2.99 ± 2.16 -4.19, -1.79 -2.92 ± 1.95 -4.00, -1.84 0.07 ± 1.64 -0.83, 0.98 -0.27 0.481 
 projection angle CON -2.51 ± 2.23 -3.79, -1.22 -2.00 ± 1.84 -3.06, -0.94 0.51 ± 1.62 -0.43, 1.44   
SD = standard deviation, CI = confidence interval. *indicates significant difference. 
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Table 13. Ankle dorsiflexion kinematics unadjusted values - single-leg squat and running  
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size P value 
Single-leg squat INT 8.79 ± 5.05 5.99, 11.59 10.25 ± 3.09 8.54, 11.96 1.46 ± 3.10 -0.26, 3.18 0.35 0.369 
Start CON 8.22 ± 4.22 5.67, 10.77 8.55 ± 5.25 5.38, 11.73 0.34 ± 3.39 -1.71, 2.38   
Single-leg squat INT -12.92 ± 4.37 -15.34 ± -10.51 -11.33 ± 4.73 -13.95, -8.71 1.60 ± 4.12 -0.68, 3.88 0.41 0.28 
Peak CON -11.90 ± 5.47 -15.21, -8.59 -12.00 ± 8.72 -17.27, -6.74 -0.10 ± 4.11 -2.59, 2.38   
Single-leg squat INT -21.72 ± 3.51 -23.66, -19.77 -21.57 ± 4.42 -24.02, -19.13 0.14 ± 3.30 -1.69, 1.97 0.16 0.68 
Displacement CON -20.12 ± 3.69 -22.35, -17.89 -20.56 ± 5.29 -23.75, -17.36 -0.44 ± 4.00 -2.86, 1.98   
Running INT 10.58 ± 5.23 7.68, 13.47 13.63 ± 8.29 9.04, 18.22 3.05 ± 6.68 -0.65, 6.75 0.48 0.206 
Start CON 11.85 ± 7.00 7.81, 16.89 11.72 ± 4.65 9.03, 14.40 -0.13 ± 6.53 -3.90, 3.64   
Running INT 1.39 ± 6.31 -2.11, 4.88 1.04 ± 5.46 -1.99, 4.06 -0.35 ± 5.30 -3.29, 2.58 0.10 0.784 
Peak CON 0.04 ± 6.27 -3.58, 3.66 -0.82 ± 5.51 -4.00, 2.36 -0.87 ± 4.69 -3.57, 1.84   
Running INT -9.19 ± 6.39 -12.73, -5.65 -12.59 ± 7.50 -16.74, -8.44 -3.40 ± 5.29# -6.33, -0.48 -0.49 0.195 
Displacement CON -11.81 ± 8.15 -16.51, -7.10 -12.54 ± 4.69 -15.25, -9.83 -0.74 ± 5.52 -3.92, 2.45   
SD = standard deviation, CI = confidence interval.  
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Table 14. ICC and SEM for all kinematic variables. 
    DLS SLS JL RUN 
    ICC 3,k SEM ICC 3,k SEM ICC 3,k SEM ICC 3,k SEM 
Start/IC Hip flexion 0.934 1.85 0.719 3.97 0.206 5.67 0.350 5.50 
 
Hip adduction 0.541 1.84 0.459 2.11 0.485 2.30 0.913 1.14 
 
Hip internal rotation 0.491 2.15 0.776 1.98 0.820 2.54 0.326 4.59 
 
Knee flexion 0.514 3.93 0.864 1.74 0.798 1.94 0.608 3.12 
 
Knee valgus 0.544 2.42 0.034 2.94 0.714 1.91 0.800 2.02 
 
Knee internal rotation 0.779 5.95 0.830 5.80 0.741 3.50 0.851 2.45 
 
Ankle dorsiflexion 0.866 1.30 0.864 1.74 0.659 4.79 0.585 4.15 
  FPPA 0.807 1.86 0.701 2.06 0.668 2.50 0.856 2.22 
Peak Hip flexion 0.868 6.06 0.954 3.21 0.687 7.21 0.376 5.16 
 
Hip adduction 0.815 1.91 0.775 2.62 0.757 2.14 0.695 2.40 
 
Hip abduction 0.410 2.76 0.502 2.28 0.207 2.91 0.841 1.39 
 
Hip internal rotation 0.813 3.45 0.804 2.16 0.852 2.98 0.337 4.43 
 
Hip external rotation 0.788 1.61 0.770 2.39 0.760 3.37 0.652 2.54 
 
Knee flexion 0.895 4.16 0.859 2.44 0.753 6.37 0.428 6.97 
 
Knee valgus 0.782 4.00 0.852 1.78 0.873 2.09 0.785 2.14 
 
Knee varus 0.847 1.16 0.883 2.35 0.665 2.60 0.783 2.10 
 
Knee internal rotation 0.488 3.16 0.740 2.11 0.432 3.86 0.769 2.48 
 
Knee external rotation 0.611 4.98 0.812 3.39 0.469 6.77 0.758 3.38 
 
Ankle dorsiflexion 0.888 1.14 0.790 1.70 0.369 4.97 0.761 4.83 
 
FPPA-max 0.364 3.39 0.759 2.46 0.691 3.16 0.863 1.90 
  FPPA-min 0.440 3.02 0.677 2.27 0.653 2.75 0.864 1.77 
Displacement Hip flexion 0.893 5.48 0.969 2.48 0.648 7.25 0.169 1.92 
 
Hip adduction 0.912 1.00 0.858 1.94 0.759 1.33 0.800 1.29 
 
Hip abduction 0.429 2.30 0.180 0.73 0.166 2.44 0.745 1.58 
 
Hip internal rotation 0.692 4.27 0.504 2.04 0.624 3.68 0.182 0.41 
 
Hip external rotation 0.766 0.63 0.327 2.41 0.897 1.54 0.301 4.39 
 
Knee flexion 0.857 5.54 0.669 4.74 0.718 6.38 0.677 4.25 
 
Knee valgus 0.822 3.79 0.868 2.16 0.081 2.46 0.868 1.15 
 
Knee varus 0.782 2.05 0.621 2.90 0.747 1.79 0.621 1.96 
 
Knee internal rotation 0.792 6.50 0.841 6.96 0.432 2.43 0.878 1.11 
 
Knee external rotation 0.797 7.02 0.837 7.95 0.469 3.81 0.707 1.68 
 
Ankle dorsiflexion 0.955 1.70 0.764 1.70 0.478 1.55 0.800 3.67 
 
FPPA-max 0.460 3.11 0.829 3.32 0.656 2.21 0.835 0.61 
  FPPA-min 0.556 3.11 0.734 0.97 0.493 2.55 0.817 0.93 
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Figure 1. Medial Knee Displacement 
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Figure 2. Bony alignment measurement 
Figure 2A. Forefoot varus angle 
 
 
Figure 2B. External tibial torsion 
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Figure 2C. Femoral antetorsion 
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Figure 2D. Femoral antetorsion measured with a diagnostic ultrasound 
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Figure 3. Range of motion measurements 
3A. Ankle Dorsiflexion with knee extended 
 
 
3B. Ankle Dorsiflexion with knee flexed 
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3C. Ankle dorsiflexion with weight bearing 
 
 
3D. Hip abduction 
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Figure 3E. Hip adduction 
 
 
 
Figure 3-g. Straight leg raise 
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Figure 4. Single-leg squat (descent phase) 
 
 
 
 
 
 
 
 
 
 
 
Start      End 
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Figure 5. Running 
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Figure 6. Maximal voluntary isometric contraction (MVIC) 
Figure 6A. Hip abduction 
  
 
Figure 6B. Hip extension 
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Figure 6C. Hip external rotation 
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Figure 7. Change in peak knee valgus during the single-leg squat task (°) (– less valgus, 
+ greater valgus) 
 
 
*indicates significant difference (p=0.044).  
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Figure 8A. Change in hip internal rotation at initial contact during the running task (°) 
(- less internal rotation, + greater internal rotation) 
 
  
*indicates significant difference (p=0.006) 
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Figure 8B. Change in peak hip internal rotation during the running task (°) (- less 
internal rotation, + greater internal rotation) 
*indicates significant difference. 
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Figure 8C. Change in hip external rotation displacement during the running task (°)  
(- greater external rotation, + less external rotation) 
 
*indicates significant difference (p=0.003). 
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Figure 8D. Change in knee valgus at initial contact during the running task (°)  
(- greater valgus, + less valgus) 
  
*indicates significant difference (p=0.02). 
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Figure 8E Change in peak knee valgus (Running) (- greater valgus, + less valgus) 
 
*indicates significant difference. 
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Appendix 1. Exercise Protocol 
1.  Foam roller exercises 
Exercise Sets and duration 
Calf (a) 1 x 2 min 
IT band (b) 1 x 2 min 
Hip adductors (c) 1 x 2 min 
Lateral hamstrings (d) 1 x 2 min 
 
 The participant will perform same foam roller exercise through the intervention 
period. 
 Move the area over the foam roller. Let form roller on the tight/painful areas for 30 
seconds. 
a. Calf              b. IT band 
 
 
 
 
 
 
 
c. Hip adductors            d. Lateral hamstrings 
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2. Static Stretching 
Exercise Sets and duration 
Calf (a) 2 x 30 sec 
IT band (b) 2 x 30 sec 
Hip adductors (c) 2 x 30 sec 
Lateral hamstrings (d)  2 x 30 sec 
 
Hold each area for 30 seconds. 
 
a. Calf        
  
 
 
 
 
 
 
 
 
b. IT band         
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c. Hip adductors 
 
 
 
 
 
 
 
 
d. Lateral hamstrings 
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3. Isolated strengthening 
Session Exercise set&reps resistance 
week 1 Sitting Ankle plantar flexion & inversion (a) 1x15 Green 
  Prone Leg curl (medial hamstrings) with knee IR (b) 1x15 Green 
  Sidelying hip abduction (c) 1x15 Green 
  Prone hip extension with knee flexed (d) 1x15 Green 
        
Week 2 Sitting Ankle plantar flexion & inversion 2x10 Blue 
  Prone Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Sidelying hip abduction 2x10 Blue 
  Prone hip extension with knee flexed 2x10 Blue 
        
week 3 Heel raises with toes IR (e)  2x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Standing hip abduction (f) 2x10 Green 
  Quadruped hip extension with knee flexed (g) 2x10 Gravity 
        
week4 Heel raises with toes IR 2x12 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x12 Blue 
  Standing hip abduction 2x12 Green 
  Quadruped hip extension with knee flexed 2x12 Gravity 
        
week 5 Heel raises with toes IR 2x15 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x15 Black 
  Standing hip abduction 2x15 Green 
  Quadruped hip extension with knee flexed 2x15 Gravity 
        
Week 6 Heel raises with toes IR 3x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 3x10 Silver 
  Standing hip abduction 3x10 Blue 
  Quadruped hip extension with knee flexed 2x15 Gravity 
IR = Internal rotation, T-band = thera-band, BW = body weight 
 Exercises will be progressed by increasing sets, repetition, and resistance. The 
resistance will be progressed by changing the color of the thera-band in order of 
yellow, red, green, blue, black, and silver.  
 The exercise will be progressed to the next level only when the participant is able to 
perform these exercises with proper form. The subject will perform same exercise 
until she will be able to perform exercises without difficulties. 
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   a. Standing ankle inversion and         b. Prone Leg curl (medial hamstrings) with 
       plantar flexion                          knee internal rotation 
 
 
 
 
 
 
 
   c. Side-lying hip abduction           d. Prone hip extension 
 
 
 
 
 
 
    f. Standing hip abduction 
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g. Quadruped hip extension 
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4. Functional exercise 
Session Exercise set & reps Intensity  
week 1 Double leg squat  2x10   
  Forward step-up 2x10 1 riser 
  Double leg hop to stabilization  2x10 
 
50% distance of 
height 
        
Week 
2 
Double-leg squat- uneven surface  2x10   
  Forward step-up  2x10 2 risers  
  Double leg jump up to stabilization  2x10 1 riser 
        
        
week 3 Single-leg squat  2x10   
  Lateral step-down  
2x10  
(Each side) 
1 riser 
  Double leg box jump to stabilization  2x10 1 riser 
        
        
week4 Single-leg squat (uneven surface)  2x10   
  Lateral step-down  
 
2x10  
(Each side) 
2 risers 
  Double leg box jump to stabilization 2x10 2 risers 
        
week 5 Star Excursion Balance Test  
2x10  
(Each side) 
  
  Lateral hop 2x10 Shoulder width 
  Broad jump to balance (double leg stance) 2x10   
        
Week 
6 
Star Excursion Balance Test (uneven 
surface) 
2x10  
(Each side) 
  
  Lateral hop 2x10 50% of height 
  Broad jump to balance (single leg stance) 2x10   
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a. Squat (progression will be made by changing surface and reps) 
 
 
 
 
 
 
 
 
 
 
b. Single-leg squat 
 
 
 
 
 
 
 
 
 
  
 
Squat tasks will be performed on the flat surface and be progressed by changing the 
surface to uneven surface (shown in above). 
 
 
 
 
 
 
 
 
  
Single-leg squat tasks will be performed on the flat surface and be progressed by 
changing the surface to uneven surface (shown in above). 
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c. Star Excursion Balance Test 
 
 
 
 
 
 
 
 
 
 
d. Double leg hop to stabilize, and double leg jump to stabilize. 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Star Excursion Balance test will be performed on the flat surface (Left) and be progressed 
by changing the surface to uneven surface (Right). 
 
 
 
 
 
 
 
 
Hop to stabilize will be progressed by increasing the jump distance from 50% to 100% of 
the participant’s height (Left). Further progression will be made by landing on a single leg 
from jumping off bilateral limbs (Right). 
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e. Forward step-up and lateral step down 
 
 
 
 
 
 
 
 
 
 
f. Double leg jump up and drop jump to stabilization 
 
 
 
 
 
 
 
 
 
 
 
  
  
Forward step-up (Left) and lateral step down (Right) will be progressed by increasing the 
height of the step. 
 
 
 
 
 
 
 
 
 
Double leg jump up will be performed by jumping on the box (not shown). Double leg drop 
jump will be performed by jumping off the box with bilateral feet shown in the above. The 
task will be progressed by increasing height of the box. Jump distance will be set at 50% of 
the participant’s height. 
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Appendix 5: Manuscript 2 
 
Effects of an Integrated Exercise Training Program on Lower Extremity Biomechanics 
in Females with Medial Knee Displacement during a Double-Leg Squat and Jump-
Landing 
OVERVIEW 
Context: Knee injury prevention exercise programs are aimed to correct knee valgus 
alignment during functional activities. Although various factors are associated with knee 
valgus, including altered flexibility, muscle strength, and neuromuscular factors. However, 
the exercise programs that were used in previous studies did not consider these factors, which 
may have resulted in inconsistent finding. In addition, although lower extremity bony 
alignment has been associated with faulty movement patterns, little is known whether the 
bony alignment abnormalities influence individual’s response to the exercise program.  
Objective: To determine the effects of an integrated exercise program on lower extremity 
biomechanics while accounting for bony alignment measures. Design: Randomized clinical 
trial. Setting: Research laboratory. Patients or Other Participants: A total thirty-nine 
healthy active females with medial knee displacement (Integrated Exercise Group, INT = 21, 
Age = 20.95±3.10 yrs , Height = 161.13±5.00 cm , Mass = 63.65 ± 8.42 Kg; Control group, 
CON = 18, Age = 20.83 ± 3.01 , Height = 162.32 ± 7.77 cm, Mass = 64.91 ± 18.86 Kg  ). 
Interventions: Hip, knee, and ankle kinematics were assessed during a double-leg squat 
(DLS) and jump-landing (JL) pre- and post- a 6-week integrated exercise program, 
comprised of self-myoficial release, static stretching, muscle strengthening, and functional 
exercise. Three-dimensional hip, knee, and ankle kinematics as well as frontal plane 
projection angle (FPPA) were collected during double-leg squat (DLS) and jump-landing 
(JL) before- and after the training.  Main outcome measures:  Three-dimensional hip, knee, 
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and ankle kinematics, and FPPA at start, peak, and displacement during a descent phase of 
DLS and initial contact (IC), peak, and displacement during the stance phase of JL were 
averaged across three trials. Results: Greater increase was observed in hip adduction 
displacement in the INT group compared to the CON group (p = 0.04) during DLS. Greater 
increase peak knee varus (p =0.04), and greater decrease in peak knee valgus (p = 0.019) and 
frontal plane projection angle (p = 0.011) were observed in the INT group in comparison to 
the CON group. These changes were influence by bony alignments.  Conclusion: Frontal 
plane knee kinematics improved during the JL following an integrated exercise training and 
these changes were influenced by lower extremity bony alignment. No improvements were 
observed during the DLS.  
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Introduction 
Knee injuries are commonly complaints in sports medicine clinics, accounting for 
approximately 25% of all activity-related injuries.
1,4
 Patellofemoral pain (PFP) is one of the 
most common knee injuries, as 25% of all knee injuries involve PFP.
3
 Females are 2-6 times 
more likely to develop PFP,
5,15
 and once symptoms emerges they last for extended period of 
times.
117
 In addition, PFP has a high recurrence rate as over 70% of patients with PFP 
continue to experience repeated bouts of pain after 4 to 18 years from initial treatment.
15,54,117
 
As a result, a large number of patients with PFP modify or stop their activity due to 
continued pain.
15
 Another negative consequence is an early onset and higher rate of patello-
femoral osteoarthritis in those with a history of PFP.
16
 Considering all these consequences, it 
is essential to prevent the initial development of PFP.  
Knee valgus is believed to contribute to PFP development. The motion of knee valgus 
is a combination of femoral (hip) adduction and internal rotation with tibial abduction (knee 
valgus) and rotation. Noehren et al.
47
 identified excessive hip adduction as a prospective 
biomechanical risk factor for PFP in female runners, thus linking biomechanics associated 
with knee valgus to future risk of PFP development. Other studies demonstrate that 
biomechanics associated with knee valgus, such as an increased quadriceps-angle,
21
 hip 
internal rotation,
24,134
 and tibial external rotation
29
 result in greater patellofemoral contact 
pressure, thus, linking biomechanics associated with knee valgus to a mechanism of PFP 
development. Furthermore, hip adduction,
26,149
 hip internal rotation,
34,148
 knee valgus,
37,50,61
 
and knee external rotation
48,151
 have all been shown to be greater in those with PFP compared 
to healthy individuals. The collective evidence indicates that addressing biomechanics 
associated with PFP may be an essential aspect for the prevention of PFP development. 
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Knee injury prevention exercise programs are moderately effective in reducing the 
rate of knee injuries, including PFP.
17,73-75
 However, the underlying change in biomechanics 
associated with reduced knee injury rates is unclear.
83,96,100,104
 Previous research investigating 
knee valgus change following a knee injury prevention program is mixed and no studies have 
demonstrated significant improvement in 3D knee valgus angles. These inconsistent findings 
may be influenced by the inclusion criteria used in previous research. The majority of knee 
injury prevention program studies that investigated lower extremity biomechanics included 
participants based on factors, such as sex, age, history of injury, and sports 
activity.
83,95,96,100,104
 These studies did not consider the participant’s baseline movement, 
specifically the presence of knee valgus motion, as part of the inclusion criteria. This may be 
an important limitation as more recent studies reveal individuals who display higher risk 
movement patterns demonstrate greater improvements in biomechanics compared to those 
with lower risk movement patterns.
84,89,109
 It may be of no surprise that previous research has 
not demonstrated consistent improvements in knee valgus biomechanics when considering 
that these studies did not specifically study individuals with observable knee valgus motion, 
thus they may have had little to no room for improvement. This important limitation in 
subject selection may mask the benefits of knee injury prevention programs aimed at 
improving knee valgus biomechanics.   
Another limiting factor contributing to the inconsistent results across studies may be a 
lack of control for non-modifiable factors associated with knee valgus, such as lower 
extremity bony alignment.  Specifically, forefoot varus, external tibial torsion and femoral 
antetorsion are bony alignment measures that are suggested to influence knee valgus 
biomechanics.
161,173,219
 Therefore, individuals with one or more of these bony alignment 
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measures may not respond to an exercise program focused on improving mobility, strength 
and neuromuscular control. To our knowledge, there is no study investigating the effects of 
an exercise intervention on lower extremity biomechanics that has controlled for the potential 
effects of bony alignments.   
 Therefore, the purpose of the current study was to examine the effect of an integrated 
exercise program on lower extremity kinematics in females who displayed knee valgus 
motion, while controlling for those bony alignment measures associated with knee valgus 
biomechanics. Effectiveness of the exercise program was determined by assessing the 
kinematics during the double-leg squat (DLS) and jump-landing (JL) tasks as these tasks 
have been widely used to assess the quality of movement patterns.
63,70,109,206
 We 
hypothesized that the intervention would improve lower extremity kinematics in frontal and 
transverse plane during both the DLS and JL, and the magnitude of change would be 
influenced by bony alignment for select kinematics variables.  
 
Methods 
Participants 
A total thirty-nine females participated and were randomly assigned to either the 
integrated exercise (INT) group or the Control (CON) group.  A total thirty two participants 
completed the study (INT, N=17, Age = 20.95±3.10 yrs , Height = 161.13±5.00 cm , Mass = 
63.65 ± 8.42 Kg). Participants were included in the study if they met following criteria: age 
between 18-28 years old, presence of medial knee displacement (MKD) during a double-leg 
squat task, engaged in activities for thirty minutes per day for three times a week, no ankle, 
knee, or hip injuries (sprain or strain) six month prior to the testing. Exclusion criteria 
included presence of chronic conditions associated with previous injury, including the ankle 
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and knee joint effusion, instability at the ankle and/or knee, and the ankle, knee and low back 
pain within six-months prior to participation in the study, history of lower extremity 
ligamentous tear, fractures, dislocations, surgeries, and/or arthroscopy, and excessive angles 
for following bony alignment: femoral antetorsion (> 20.6º), external tibial torsion (> 42.0°), 
or forefoot varus (> 13.2º). The cut-off angles of these bony alignments were pre-determined 
based on the previous studies
171,172,199-201
 and pilot data from our laboratory. 
Screening 
Forefoot varus was assessed while the participant lay prone on the treatment table 
with her thigh, leg, and calcaneous in a neutral position.  The primary investigator placed the 
stationary arm of the standard goniometer along the metatarsal heads while the moving arm 
was aligned parallel with the plantar aspect of the heel.
171,199
 The angle between the two arms 
was recorded (Figure 2A). Tibial torsion was assessed while the participant lay prone on the 
treatment table with her knee flexed 90 degree at the end of the treatment table.
171
 The 
primary investigator brought her ankle to a neutral position and placed the stationary arm of 
the standard goniometer along the imaginary line between the midpoint of the medial and 
lateral malleoli marked with the 2mm width tape prior to measurement. Moving arm of the 
standard goniometer was aligned with the horizontal line of the end of the table. The angle 
between the two arms was recorded (Figure 2B). Femoral antetorsion was assessed using 
Craig’s test described by Magee172 and other researchers171,200 The participant was positioned 
prone on the treatment table with her knees off the end of the table. The primary investigator 
maintained the participant’s knee in 90 degrees of flexion position by holding her distal leg 
with one hand while palpating the most prominent aspect of the lateral thigh, which was 
considered as the greater trochanter, with second and third fingers. The primary investigator 
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rotated the hip internally and externally to find the greater trochanter be most neutral position 
where the most prominent part sit between the two fingers. While the research assistant 
maintained this position, the primary investigator placed the digital inclinometer at the mid-
point of the line between the mid-point of the medial and lateral malleolus and mid-point of 
the medial and lateral femoral condyle to record the femoral antetorsion angle (Figure 2C). 
Femoral antetorsion was also assessed using a diagnostic ultrasound (M-Turbo, 
SonoSite Inc., Bothell, WA) using a method described by previous research as follows.
158,202
 
The digital inclinometer was secured with the transducer. The participant lay on supine on 
the treatment table with the knee flexed 90 degrees over the end of the table and the leg was 
secured with the table leg with the strap. The transducer will be placed over the greater 
trochanter and superiorly and medially directed along the long axis of the head and neck to 
find the lateral portion of the head of the femur. Once the head of the femur was identified, 
the transducer was moved distally and laterally until the flat line (flat surface between the 
head and neck of the femur) appears in the monitor. The transducer was tilted to make this 
line horizontal, which was assured with using grid lines printed on a transparent sheet placed 
over the monitor. This procedure was used to ensure the angle measured using 
aforementioned procedures. 
Baseline test 
The participants reported to the Sports Medicine Research Laboratory with dark 
colored spandex (top and bottoms), within one-week of the screening session. Prior to testing, 
we assessed the participants height and weight.  The participants then completed a 5-minute 
warm-up on a stationary bicycle followed by self-directed stretching.  
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Motion Analyses 
Following the range of motion assessments, 30 retroreflective markers were attached 
to the following landmarks: bilateral acromion process, ASIS, posterior superior iliac spine, 
medial and lateral side of the sacrum, greater trochanter, anterior thigh, medial and lateral 
epicondyles of the femur, anterior shank, medial and lateral malleoli, calcaneus, and 1
st
 and 
5
th
 metatarsal head. Additional markers were placed on the spinous process of the seventh 
cervical spine and between fourth and fifth lumbar vertebrae. All markers were attached to 
the participant with double-sided carpet tape. Markers on the posterior superior iliac spine, 
sacrum, and the feet were secured with the pre-wrap.  
A seven camera infrared optical motion capture system (Vicon MX Camera, Vicon 
Motion Systems, Los Angeles, California) integrated with Vicon Nexus v1.3 (Vicon Motion 
Systems, Ltd, Centennial, CO) and two force plates (4060-08, Bertec Corporation, Columbus, 
Ohio, USA) was used to capture the trajectories form the retroreflective markers and ground 
reaction forces during single-leg squat and running tasks at a sampling frequency of 120 Hz.  
Force plate data was collected synchronously with the kinematic data at a sampling 
frequency of 1200 Hz.  The kinematic data and force plate data were time synchronized. The 
global axes was established with x-axis pointing forward, y-axis pointing to left, and z-axis 
pointing vertical. Segment axes were aligned with the global axis. Participants completed a 
static trial by standing in the middle of the calibration volume, facing the x-direction with 
arms abducted ninety-degrees.  After completion of the static trial, markers of the medial 
femoral epicondyles, medial malleoli, and bilateral ASIS were removed.  
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Double-leg squat   
  The DLS was assessed in a bare feet condition. The participant stood on the force 
plates with feet shoulder width apart, each foot contacting on each force plate, toes facing 
forward, arms extended over the head, and both knees fully extended.
63
 The participants 
performed five consecutive DLS while descending into their preferred knee flexion angle 
without lifting heels off the ground and then return to the initial upright posture with their 
preferred speed (Figure 2). The participants were instructed to perform again if the heel was 
lifted off the ground.   
Jump-Landing 
JL task was assessed while participants were wearing their personal running shoes. 
The participants stood on the 30-cm high box set 50% of participant’s height from the force 
plate. The participant then jumped off the box, landing on the force plates with each leg 
contacting each force plate, followed by an immediate vertical jump as high as possible 
(Figure 3). The participants repeated these procedures for three times. Practice trial was 
allowed as many as the participant feels comfortable.   
Exercise Intervention (Appendix 1) 
All participants were randomly assigned to one of two groups, integrated exercise 
(INT) group or control group (CON) group on a completion of a baseline-test. The INT 
group completed a total of 18 training sessions, which were carried out over 3 sessions per 
week for 6 weeks. All training sessions were performed under the supervision of a trained 
research assistant. This research assistant was not involved in data collection during baseline 
and post-training test sessions. Participants in the INT group were required to complete 
minimal fifteen sessions, which is 80% of total sessions. Exercise session was terminated if 
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the participant did not complete at least fifteen sessions of training during six weeks or 
missed two consecutive sessions.   
The control group did not receive any exercise during intervention period. Both 
groups were instructed to maintain their level of activity at their participation of their 
baseline testing throughout the intervention session.  
The exercise program was based on our previous research, including self-myofascial 
release (SMR), self-static stretching , muscle strength, and integrated functional exercises.
206
  
Restricted fascia has been suggested to decrease flexibility, mobility, and muscle strength,
207
 
thus it is important to perform these exercises in this order for efficacy of the exercise 
program.
208
  Self-myofascial release was performed using the foam roller to decrease trigger 
point and muscle activity and lengthen muscle fibers by stimulating golgi-tendon organs, 
which potentially increase restricted motions at the joint.
196
   
The participants placed the tight muscle groups on the foam roller and will be 
instructed to place as much of her body mass as possible while she rolled the foam roller 
proximal to distal and vice versa for two minutes. Muscles and structure treated will include 
gastrocnemius and soleus, hip adductors, iliotibial band (IT-band) and lateral hamstrings. 
 Static stretching was performed following self-myoficial exercise to increase ROM 
by lengthening the muscles for two sets of thirty seconds. The gastrocnemius was stretched 
by standing on the slant board while keeping both knees extended. The soleus was stretched 
in a same manner as the gastrocnemius except that knees being kept flexed. The adductor 
muscle group was stretched by perform a side-lunge with both  feet pointing forward during 
stretching. Finally, the IT-band stretch was performed with standing position.
210
  The limb 
treated will be extended and adducted across the other limb, and the arm was raised overhead 
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and brought into away from the stretched limb.
210
 The participant performed lateral trunk 
flexion in a direction to opposite side of treated limb.
210
  
Following completing of static stretching the participants conducted the muscle 
strengthening exercises for the gluteus medius, gluteus maximus, hip external rotators, 
medial hamstrings, and foot inverters (medial gastrocnemius). Resistance was provided via 
body weight for foot inverters and a TheraBand for rest of the muscle groups.  The 
participant was instructed to pull the TheraBand to 100% (2 times as long as original length) 
at a standardized speed (2 seconds for isotonic contraction, 1 second for isometric contraction, 
and 2 seconds for eccentric contraction).  Once the participant was able to reach the target 
repetition with proper form and proper speed, difficulty of exercise was progressed by 
increasing resistance, sets, or repetitions.
107
  
Functional exercises were focused on controlling frontal plane lower extremity 
movement. During each training session the research assistant demonstrated proper exercise 
technique along with instructions. Participants performed the functional exercises in front of 
full-body mirror and were also provided with real-time feedback during the exercises by 
using verbal cues such as “keep your toes facing forward”, “keep your knees over the toes”, 
and “move yours knee out”.88 The participant performed these exercises with the mirror to 
provide them with visual feedback.  The amount of feedback was reduced over time by 
removing the mirror and minimizing the verbal cues to only be given when improper 
technique was noted.
110,186
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Exercise difficulty  was progressed every three sessions by increasing the number of 
repetitions or sets, and difficulty of the exercise with changing the body position or surface. 
Difficulty was not progressed if the participant was not be able to perform the exercise with 
proper forms.  
Post-training test 
All participants returned for post-training test.  The INT group returned for post-
training test within one day on completion the exercise intervention program.  The CON 
group was scheduled for post-training test in 6 weeks from their baseline test.  All 
participants went through same procedures as baseline test. 
Data reduction 
Three-dimensional joint coordinates were estimated from the trajectories of the 
reflective markers. Raw kinematic and kinetic data were exported into the Motion Monitor 
Software (Innovative Sports Training Inc. Chicago, IL) for data processing. Raw kinematics 
data was filtered via fourth order Butterworth filter, zero phase lag, with a low-pass filter at 8 
Hz cut-off frequency.
186,211
   
The joint center of the ankle was estimated as a midpoint between medial and lateral 
malleolus. The joint center of the knee was estimated as a midpoint between medial and 
lateral femoral condyles. The joint center of the hip was estimated from right and left ASIS 
markers, using Bell method.
212
 The Joint angle for the hip, knee, and ankle was calculated 
using Euler angle joint coordination with right hand rule. The rotation sequence for these 
joints is Y, X, Z as Y-axis corresponded to flexion (+) / extension (-), X-axis corresponded to 
adduction (+) / abduction (-), and Z-axis corresponded to internal (+) / external rotation (-). 
The hip joint angle was determined using thigh segment relative to the pelvis. The knee joint 
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angle was determined using shank segment relative to thigh, and the ankle joint angle was 
determined using foot segment relative to shank.    
Filtered data was transported into a customized MATLAB program (MathWorks, 
Natick, MA) to identify joint angles. Joint angles include start for the DLS and initial contact 
= IC for the JL, peak, and displacement of sagittal, frontal, and transverse plane hip and knee 
kinematics, and sagittal plane ankle kinematics. We also calculated frontal plane projection 
angle (FPPA) as a difference of segment angles of the thigh and shank relative to world. 
Negative value indicates varus while positive value indicates valgus at the knee joint.  
For the DLS, kinematic data were assessed during descending phase. Descending 
phase was defined as the period from maximal knee extension to maximal knee flexion. 
Initial joint angle was defined as the angle at the time of maximal knee extension. Peak joint 
angle was defined as the maximal joint angle during the descending phase of the DLS. Joint 
displacement was calculated by subtracting the initial joint angle from the peak joint angle 
[Displacement = peak joint angle – initial joint angle]. Middle three out of five trials were 
assessed. 
Kinematics during running task was assessed during stance phase. Stance phase was 
defined as the time period from IC to toe-off.  Initial contact was defined as the time point 
when the ground reaction force exceeded 10N  and toe-off was defined as the ground 
reaction force dropped below 10N.
111
 Initial joint angle was assessed at IC. Joint 
displacement was calculated by subtracting initial joint angle from peak joint angle during 
the stance phase. The values were averaged across five trials. Joint range of motion was 
averaged across the trials.   
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ROM variables were averaged across three trials. Isometric muscle strength was 
collected with newton (N) in each muscle group and was normalized to body mass.
217
 Bony 
alignment measurements were averaged across three trials. Finally, change scores  were 
calculated for ROM, MVIC, and kineamtics by subtracting baseline values from post-training 
values (Change score = Post-training – Baseline). 
 
Statistical Analyses 
Lower extremity kinematics change scores were compared between the INT and 
CON groups using separate analysis of covariance (ANCOVAs). Covariates included in 
ANCOVA models were bony alignment variables of forefoot varus, tibial torsion, and 
femoral antetorsion. SPSS (ver.19 IBM Corporation, Somers, NY) was used for following 
analyses with an a priori level of significance set at below 0.05.   
 
Results 
Demographics 
A total 39 participants completed the baseline test (INT=21, CON=18) and 32 
participants completed the post-training test. Two biomechanical data were excluded from 
the analyses due to systematic errors (INT=2). Three participants in the INT group were 
withdrawn because they did not complete sufficient training sessions (minimum 15 sessions). 
One participant in the CON group was disqualified for post-training test due to injury. Three 
participants in the CON group did not return for post-training test due to attrition. Therefore, 
a total thirty (INT = 15, CON = 15) data were used for analyses. Participants of the two 
groups were similar in height, age, and bony alignments (p > 0.05), however, mass was 
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significantly greater in the CON group compared to the INT group (p = 0.025) Mean, 
standard deviation and p-value of demographic data at a time of baseline test are presented in 
Table 1.  
Double-leg squat 
There was a significant difference in the change score of hip abduction displacement 
(p=0.04). No other significant change score differences were observed in any kinematic 
variables (p> 0.05).  
Jump-landing 
There were significant differences in change scores between the INT and CON 
groups for the following dependent variables: peak knee varus (p=0.04), peak knee valgus 
(p=0.019), peak FPPA-max (p=0.011). The INT group demonstrated significantly greater 
increase in peak knee, decrease in peak knee valgus, and peak FPPA. No other significant 
differences were observed. Based on these findings, the INT group improved frontal plane 
2D (FPPA) and 3D (knee valgus) kinematics.  
Estimated marginal means, standard errors , 95% confidence interval , regression 
coefficient for each covariate (, p-values, and eta-squared (2) for the hip and knee, are 
presented in Table 2 and 3, respectively for the DLS, and Table 4 and 5 for the JL, 
respectively. Descriptive statistics for ankle kinematics for the DLS and JL are presented in 
Table 6. Unadjusted means, standard deviations, 95% confidence intervals of the baseline, 
post-training, and change scores, for hip and knee are presented in Table 7 and 8 for the 
DLS, and Table 9 and 10 for the JL, respectively. Unadjusted means, standard deviations, 
95% confidence intervals of the baseline, post-training, and change scores for ankle 
kinematics for the DLS and JL are presented in Table 11.  
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Discussion  
The primary finding of this study was that the INT group improved frontal plane knee 
kinematics during the JL, but did not during the DLS. These results indicate that our exercise 
program is effective in improving movement patterns during the JL. The magnitude of these 
kinematic changes was influenced by lower extremity bony alignments. This study is unique 
in that we investigated females who display MKD that is known as high risk movement, and 
three bony alignments are taken into account in the analyses.  
Our exercise program improved frontal plane knee kinematics (peak knee valgus, 
peak knee varus, and FPPA) during the JL. This is an important finding as a primary focus of 
our exercise program was to improve frontal plane knee kinematics. We hypothesize that 
improved frontal plane knee motion is clinically important given the influence of knee valgus 
biomechanics on PFP risk factors and mechanisms. Specifically, cadaveric study 
demonstrated that increased Q-angle potentially develop PFP by decreasing contact area,
21
 
and increasing lateral tracking of the patella, resultant force, thus increase lateral contact 
pressure at the patellofemoral joint.
21,218
  Thus, reductions in knee valgus angle as well as 
FPPA following the intervention may decrease the risk of development of PFP.   
Significant improvement in hip abduction displacement was also observed following 
the intervention. As increased hip adduction increases knee valgus angle, which could 
increase risk of PFP as it eventually increases patellofemoral contact pressure, this 
improvement in hip abduction displacement potentially decreases risk of development of PFP. 
However, we have to carefully interpret this result as the magnitude of improvement of 
unadjusted value was -0.98 degree for the INT group and this is smaller than SEM for this 
variable (2.30) (Table 12), therefore this change may be due to error of measurement.  
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Our finding of improved FPPA is similar to previous research investigating 2D 
frontal plane knee movement during a landing task.
84,86,87
 Only a single study has 
demonstrated improved 3D knee valgus motion.
90
 The majority of studies investigating 3D 
knee valgus kinematics during a landing task have not observed improvements following an 
exercise intervention.
96,97,101,102,104,106
  Our study is unique from these previous studies in that 
we focused on a population that demonstrated MKD, thus demonstrating a need for improved 
3D knee valgus kinematics.  Also, we accounted for bony alignments described to influence 
knee valgus alignment (forefoot varus, external tibial torsion, and femoral antetorsion) while 
previous studies did not. In the process of statistical analyses, we first compared the change 
scores without adjusting for the bony alignment between the two groups and did not observe 
any significant difference in the frontal plane knee kinematics. Once the change scores are 
adjusted for the bony alignment, change values for frontal plane knee kinematics became 
larger. For example, unadjusted and adjusted values for the change score of peak knee valgus 
angle were 2.7º and 4.9º, 4.7º and 7.0º for peak knee varus angle, and -4.3º and -7.8º for 
FPPA, respectively. This indicates that bony alignment had a significant effect on magnitude 
of the changes observed in this study. These data evidenced that bony alignment suppressed 
the magnitude of change in these kinematics. Without adjusting for the bony alignment, the 
magnitude of change was not large enough to show the difference compared to the CON 
group. It is possible that variability of bony alignment may hinder the kinematic 
improvement, which resulted in showing no improvement following the intervention. Results 
of the current study suggest that future research should consider the influence of bony 
alignment when examining biomechanics changes in response to an exercise program.   
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Based on the regression coefficient values, there was no specific bony alignment that 
significantly affected the magnitude of change in frontal plane kinematics. Instead, the 
combined influence of forefoot varus, tibial torsion and femoral antetorsion affected the 
magnitude of change in kinematics. Individuals with excessive forefoot varus increase 
subtalar pronation during weight bearing condition,
171
 which increases talus internal rotation 
and tibial internal rotation to increase joint congruency,
114,226
 which can result in increased 
knee valgus. Joseph et al.
173
 demonstrated that decreasing foot pronation by using medial 
post actually decreased knee valgus during landing task. External tibial rotation is associated 
toe-out position. 
81
 Theoretically, this position shifts the ground reaction force laterally, 
which increase external knee valgus moment.
227
 Lim et al.
227
 demonstrated that greater 
external tibial torsion is associated with large internal knee valgus stress in patients with 
myelomeningocele. Furthermore, Schwartz et al.
220
 displayed that increased knee valgus 
acceleration was associated with increased external tibial torsion during gait using a induced 
acceleration analysis model. These studies suggest that increased external tibial torsion can 
lead to knee valgus. Lastly, the lower extremity kinematics also influenced by femoral 
antetorsion.
160,161
 Excessive femoral anteorsion decreases the joint stability at the acetabulum, 
as a result hip joint increases internal rotation to increase the stability. This motion can 
eventually increase knee valgus. A recent study demonstrated that individuals with greater 
femoral antetorsion angle assessed using Craig’s test had greater knee valgus during the 
single-leg landing in comparison with those who with less femoral antetorsion angles.
161
 
Although these studies clearly demonstrated that bony alignment abnormalities alter the 
kinematics, the mechanics of compensation is unclear when two or more bony alignment 
abnormalities present. Results of our study also cannot identify what and how bony 
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alignment influenced the frontal plane kinematics, but it is apparent that presence of bony 
alignment deformity overall decreases the magnitude of change. These findings suggest that 
clinicians should consider bony alignment when designing and implementing injury 
prevention exercise for females with faulty movement patterns.  It is possible that individuals 
who demonstrate MKD and have a specific bony alignment profile may be less likely to 
change their frontal plane knee kinematics following an exercise program.  These individuals 
may require alternative interventions to modify their frontal plane knee kinematics during 
functional tasks, such as the JL.  
 We were surprised to not observe improvements in lower extremity kinematics during 
the DLS as we expected that the improvement would occur in order of simple task (DLS) to 
more complicated task (JL).  Lack of improvement during the DLS is contrary to a study by 
Bell et al.
228
 who displayed improvement in 3D and 2D frontal plane knee motions during the 
DLS following the intervention as we expected that the improvement would occur in order of 
simple task (DLS) to more complicated task (JL). The DLS is a relatively easy task to control 
movement as it is performed with both feet planted while the JL is more dynamic and 
demanding task, requiring the individuals to correct movement patterns such a short time 
during stance phase.  Lack of changes during DLS may be due to the baseline values. The 
baseline peak knee valgus angle during the JL (-9.4 degrees) was greater than that of during 
the DLS (-4.3 degrees). It is apparent that the INT group had ample room for improvement 
during JL. Furthermore, the baseline peak knee valgus angle during DLS (-4.3 degrees) was 
much better than that of post-training JL (-6.8 degrees), indicating that there may be a ceiling 
effect for DLS.  
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Another reason for lack of change could be because of the design of exercise program. 
Our exercise program comprised of squat tasks, stair-stepping tasks, and landing from 
jump/hop tasks and each of them progressed over the intervention period. For squat tasks, the 
participants trained DLS during the first 2 weeks and progressed to single-leg squat at week 3. 
During last four weeks, they trained variety of single-limb stance tasks along with landing 
and stair-stepping tasks. Therefore, the participants in the INT group had four weeks interval 
before they performed the DLS at the post-training test. All the participants in the INT group 
had to be able to perform proper DLS task before they progressed to single-leg squat. 
Perhaps this four week interval without training DLS may have washed out the proper form 
of DLS performance, which allowed the participants not to demonstrate improvement in 
kinematics during the DLS at post-training test. This result indicated that the biomechanical 
improvement is specific to the task, thus exercise training should be designed to focus the 
movement that needs to be improved during the sports activities throughout the training 
period.  
 
Clinical implication 
 Results of the current study provide insight into current injury prevention exercise. 
Presence of bony alignment deformities affected the magnitude of change in frontal plane 
lower extremity kinematics during the JL. While it is still possible to improve frontal plane 
knee kinematics during the JL, the magnitude of change is small. Clinicians should be aware 
of bony alignment profile for athletes when conducting injury prevention exercise. Those 
who display one or more bony alignment abnormalities may respond to the exercise program 
differently than those who did not. Those who with bony alignment deformities may take 
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longer to adopt proper form, or may not be able to improve their movement pattern at the 
level where those who without bony alignment abnormalities could perform. Thus, these 
populations may be at higher risk of knee injuries, such as ACL and PFP, and may require 
different approach from those who without bony alignment abnormalities.   
 
Limitations 
Our study is not without limitations. The results of our study are generalized to the 
populations selected in this study. We examined movement patterns immediately after the 
intervention. Ultimate goal of the injury prevention exercise is to improve faulty movement 
patterns and make the improvement permanent. Follow-up investigation would be beneficial 
to investigate the need of maintenance program. We did not control the previous sports 
activity experience or current sports activities the participants are engaged in. This may have 
influenced the outcomes. 
 
Conclusion 
In conclusion, a six-week integrated exercise training to correct faulty movement 
patterns resulted in improving frontal plane knee movements, peak knee valgus, peak knee 
varus, and FPPA during the stance phase of JL. These changes were significantly influenced 
by bony alignments including forefoot varus, external tibial torsion, and femoral antetorsion. 
As we did not observe any ROM or muscle strength improvement, the changes observed in 
this study is largely due to neuromuscular change.  
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Table 1. Demographics 
Variables INT (N=21) CON (N=18) p-value 
Age (year) 20.95 ± 3.10 20.83 ± 3.01 0.904 
Height (cm)* 167.13 ± 5.00 162.32 ± 7.77 0.025 
Mass (Kg) 63.65 ± 8.42 64.91 ± 18.86 0.783 
Forefoot varus 5.00± 3.05 5.98 ± 2.78 0.327 
External Tibial torsion 21.68 ± 4.71 22.04 ± 6.34 0.651 
Femoral antetorsion  19.19 ± 9.46 25.37 ± 9.58 0.053 
INT=integrated exercise group; CON = control group. 
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Table 2. Hip Kinematics adjusted values – Double-leg squat 
Task Variables Group Unadjusted Adjusted  95%CI Covariates F p-
value 

   Mean SD Mean SE  Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Double
-leg 
squat 
Start 
Hip flexion  INT 1.31  9.28 -0.82 2.99 -7.03, 5.39 0.002 0.997 -0.15 0.660 -0.52 0.045 0.62 0.440 0.03 
CON 0.97  9.22 2.38 2.53 -2.87, 7.63 
Hip adduction INT 0.21  3.73 0.21 0.92 -1.71, 2.13 0.21 0.320 0.01 0.913 0.01 0.876 0.007 0.936 0.00 
CON -0.61  3.66 0.11 0.78 -1.5, 1.73 
Hip internal 
rotation 
INT 1.94  4.40 1.37 1.28 -1.29, 4.03 -0.25 0.146 -0.12 0.427 -0.07 0.522 0.08 0.786 0.004 
CON -0.59  3.57 0.89 1.08 -1.36, 3.14 
Double
-leg 
squat 
Peak 
Hip flexion  INT -4.15  23.68 -6.29 5.94 -18.60, 6.02 -1.02 0.464 0.21 0.744 -0.81 0.122 3.22 0.086 0.13 
CON 7.11  10.78 8.59 5.25 -2.31, 19.48 
Hip adduction INT -0.98  4.90 -0.83 1.28 -3.49, 1.83 0.06 0.854 0.27 0.064 -0.02 0.882 0.10 0.752 0.004 
CON -0.02  3.04 -0.27 1.14 -2.62, 2.09 
Hip abduction INT -1.35  4.34 -1.37 1.08 -3.61, 0.87 -0.05 0.858 0.24 0.051 -0.09 0.323 1.69 0.208 0.07 
CON 0.64  3.24 0.58 0.96 -1.40, 2.57 
Hip internal  
rotation 
INT 3.48  7.04 2.55 2.20 -2.02, 7.11 -0.17 0.741 -0.20 0.400 0.14 0.476 1.09 0.309 0.05 
CON -0.46  7.36 -0.66 1.95 -4.70, 3.38 
Hip external 
rotation 
INT 0.79  4.68 0.92 1.22 -1.60, 3.44 -0.30 0.297 -0.01 0.934 -0.02 0.871 0.016 0.900 0.001 
CON 1.21  3.25 1.13 1.08 -1.60, 3.44 
Double
-leg 
squat 
DSP 
Hip flexion  INT -5.01  19.37 -5.33 5.26 -16.23, 5.56 -0.91 0.463 0.35 0.546 -0.25 0.586 2.83 0.137 0.10 
CON 6.15  10.74 5.99 4.65 -3.65, 15.64 
Hip adduction INT -0.95  3.40 -0.80 0.80 -2.44, 0.84 -0.16 0.391 0.23 0.012 -0.02 0.814 0.16 0.693 0.01 
CON -0.05  1.75 -0.36 0.70 -1.81, 1.09 
Hip abduction* INT -1.32  2.99 -1.34 0.60 -2.59, -0.09 -0.26 0.075 0.20 0.005 -0.09 0.085 4.76 0.040 0.18 
CON 0.60  2.25 0.49 0.53 -0.61, 1.60 
Hip internal  
rotation 
INT 2.55  7.79 1.30 2.39 -3.65, 6.26 0.01 0.985 -0.14 0.597 0.16 0.436 0.70 0.412 0.03 
CON -1.22  8.13 -1.49 2.11 -5.87, 2.90 
Hip external 
rotation 
INT -0.13  1.88 -0.33 0.46 -1.29, 0.64 -0.12 0.281 0.06 0.286 0.008 0.840 0.95 0.340 0.04 
CON 0.44  1.17 0.31 0.41 -0.55, 1.16 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared. *indicates significant difference. 
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Table 3. Knee kinematics Adjusted values – Double-leg squat 
Task Variables Group Unadjusted Adjusted  
 
95%CI Covariates F p-
value 

2 
   Mean SD Mean SE  Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Double-
leg 
squat 
Start 
Knee flexion  INT 0.19  2.73 0.70 1.72 -2.87, 4.28 0.27 0.481 -0.48 0.021 0.04 0.800 0.16 0.70 0.01 
CON 1.22  6.61 1.63 1.46 -1.40, 4.65 
Knee valgus INT 0.51  3.94 1.11 1.10 -1.17, 3.39 0.06 0.812 -0.32 0.015 0.17 0.071 0.19 0.672 0.009 
CON 0.63  3.35 0.47 0.93 -1.46, 2.40 
Knee internal 
rotation 
INT -3.03  8.26 -1.31 2.62 -6.75, 4.13 0.25 0.669 1.06 0.001 -0.09 0.683 0.004 0.950 0.00 
CON -1.09  10.60 -1.53 2.21 -6.13, 3.07 
FPPA INT -0.69  2.03 -0.48 0.74 -2.01, 1.05 -0.03 0.863 0.22 0.011 -0.06 0.366 0.355 0.557 0.02 
CON 0.25  3.00 0.14 0.65 -1.22, 1.49 
Double-
leg 
squat 
Peak 
Knee flexion  INT 5.13  22.11 6.01 5.57 -5.54, 17.57 0.16 0.902 -0.05 0.942 0.08 0.869 0.82 0.376 0.04 
CON -0.94  -7.54 -1.02 4.93 -11.25, 9.21 
Knee varus INT 2.80  7.47 1.59 2.32 -3.25, 6.43 -0.12 0.829 -0.17 0.497 0.21 0.307 1.14 0.297 0.05 
CON -1.48  8.24 -1.89 2.01 -6.17, 2.39 
Knee valgus INT -0.13  1.90 -0.20 0.66 -1.57, 1.17 -0.07 0.642 0.07 0.324 0.01 0.806 0.002 0.966 0.00 
CON -0.09  2.16 -0.24 0.59 -1.45, 0.97 
Knee internal 
rotation 
INT 1.24  5.30 0.89 1.63 -2.50, 4.28 -0.22 0.571 0.01 0.955 -0.24 0.102 0.12 0.729 0.01 
CON -0.44  5.36 0.09 1.45 -2.91, 3.09 
Knee external 
rotation 
INT 1.37  8.77 1.46 2.57 -3.88, 6.80 0.08 0.890 0.31 0.278 -0.30 0.180 0.00 0.987 0.00 
CON 0.91  7.93 1.40 2.28 -3.33, 6.12 
FPPA-max INT -1.69  3.82 -1.68 1.28 -4.32, 0.97 0.14 0.651 0.36 0.017 -0.06 0.571 0.281 0.602 0.01 
CON -0.54  4.89 -0.74 1.13 -3.01, 1.61 
FPPA-min INT -2.12  5.15 -1.43 1.12 -3.76, 0.91 -0.16 0.548 0.66 0.000 -0.20 0.049 1.11 0.304 0.05 
CON -1.40  2.89 0.23 1.00 -1.84, 2.29 
Double-
leg 
squat 
DSP 
Knee flexion  INT 4.14  20.00 5.31 5.25 -5.58, 16.21 -0.14 0.907 0.40 0.487 0.04 0.933 1.22 0.281 0.05 
CON -2.16  10.15 -2.80 4.65 -12.44, 6.84 
Knee varus INT 1.85  7.37 0.51 2.23 -4.12, 5.13 -0.20 0.70 0.13 0.588 0.05 0.785 0.93 0.345 0.04 
CON -2.11  7.32 -2.50 1.97 -6.59, 1.59 
Knee valgus INT -1.08  4.82 -1.29 1.09 -3.55, 0.98 -0.15 0.550 0.38 0.004 -0.14 0.143 0.08 0.78 0.004 
CON -0.71  3.23 -0.85 0.97 -2.86, 1.15 
Knee internal 
rotation 
INT 4.00  10.58 2.14 3.25 -4.60, 8.88 -0.31 0.684 -0.94 0.014 -0.08 0.776 0.004 0.947 0.000 
CON 0.66  11.64 1.84 2.88 -4.13, 7.80 
Knee external 
rotation 
INT 4.13  11.92 2.71 3.86 -5.29, 10.71 -0.01 0.992 -0.64 0.140 -0.15 0.660 0.007 0.936 0.000 
CON 2.01  12.09 3.15 3.41 -3.93, 10.23 
FPPA-max INT -1.07  2.97 -1.20 1.10 -3.48, 1.08 0.17 0.523 0.13 0.271 -0.005 0.962 0.05 0.832 0.002 
CON -0.86  3.96 -0.87 0.97 -2.89, 1.15 
FPPA-min INT -0.32  5.73 -0.95 1.21 -3.47, 1.58 -0.13 0.651 0.43 0.003 -0.14 0.186 0.38 0.546 0.02 
CON 0.35  3.72 0.09 1.08 -2.14, 2.33 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle.
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Table 4. Hip Kinematics adjusted values – Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
         p-value  p-value  p-value   
 
Jump-
landing 
Start 
Hip flexion INT -1.96  5.96 3.44 2.71 -2.19, 9.07 -0.91 0.159 -0.07 0.809 -0.24 0.236 4.00 0.058 0.16 
CON -3.67  8.56 -4.43 2.23 -0.06, 0.20 
Hip adduction INT -0.12  3.44 -1.03 1.41 -3.97, 1.91 0.45 0.184 0.33 0.037 0.07 0.511 0.90 0.355 0.04 
CON 0.16  4.51 0.92 1.16 -1.50, 1.91 
Hip internal 
rotation 
INT 1.23  5.82 1.49 1.86 -2.37, 5.36 -0.07 0.880 0.09 0.638 0.273 0.059 1.44 0.244 0.06 
CON -0.86  4.80 -1.74 1.53 -4.98, 1.44 
Jump-
landing 
Peak 
Hip flexion INT 3.88  9.74 2.32 4.14 -6.28, 10.92 0.20 0.834 -0.02 0.962 0.11 0.732 0.27 0.612 0.01 
CON -1.45  11.46 -0.78 3.40 -7.85, 6.30 
Hip adduction INT -0.76  4.35 -2.01 1.53 -5.18, 1.17 0.65 0.078 0.27 0.107 0.08 0.469 0.84 0.370 0.04 
CON -0.95  4.45 0.03 1.26 -2.59, 2.64 
Hip abduction INT -0.74  4.33 -0.74 1.76 -4.40, 2.93 0.20 0.621 0.11 0.545 0.18 0.173 0.003 0.953 0.000 
CON -0.47  4.81 -0.58 1.45 -3.60, 2.43 
Hip internal 
rotation 
INT 0.43  4.46 -2.39 2.07 -6.69, 1.90 -0.11 0.828 0.32 0.155 -0.01 0.930 0.40 0.536 0.02 
CON 0.05  4.56 -0.50 1.70 -4.04, 3.03 
Hip external 
rotation 
INT 0.88  6.18 -0.51 2.26 -5.21, 4.19 0.18 0.730 0.26 0.274 0.34 0.054 0.03 0.866 0.001 
CON -0.38  6.39 -1.07 1.86 -4.94, 2.78 
Jump-
landing 
DSP 
Hip flexion INT 1.04  10.96 -1.06 3.58 -8.50, 6.38 1.09 0.203 0.04 0.912 0.34 0.205 0.90 0.353 0.04 
CON 2.22  10.43 3.87 2.94 -2.25, 9.98 
Hip adduction INT -0.98  1.69 -0.99 0.70 -2.25, 0.46 0.22 0.197 -0.06 0.436 0.02 0.776 0.002 0.967 0.000 
CON -1.11  2.31 -0.95 0.57 -2.15, 0.24 
Hip abduction INT -0.49  3.66 0.23 1.17 -2.21, 2.66 -0.21 0.443 -0.21 0.104 0.12 0.180 1.34 0.259 0.06 
CON -0.63  3.37 -1.74 0.96 -3.74, 0.26 
Hip internal 
rotation 
INT -2.05  6.23 -3.82 1.95 -7.87, 0.22 -0.07 0.877 0.22 0.295 -0.29 0.054 3.51 0.075 0.14 
CON 0.91  6.28 1.47 1.60 -1.86, 4.79 
Hip external 
rotation 
INT -1.00  3.46 -1.94 1.43 -4.92, 1.04 0.22 0.522 0.16 0.282 0.06 0.574 1.88 0.185 0.08 
CON 0.48  4.02 0.91 1.18 -1.54, 3.36 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle. * indicates significant difference. 
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Table 5. Knee kinematics adjusted values – Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 
h2 
   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
   
        b p-value b p-value b p-value    
Jump-
landing 
Start 
Knee flexion  INT -1.50  5.59 -3.03 1.98 -7.15, 1.09 0.32 0.493 0.11 0.607 0.04 0.769 0.22 0.644 0.01 
CON -2.19  4.85 -1.68 1.63 -5.07, 1.71 
Knee valgus* INT 2.96  3.81 5.84 1.08 3.59, 8.08 -0.45 0.084 -0.15 0.184 0.13 0.068 9.93 0.005 0.32 
CON 1.69  2.88 0.90 0.89 -0.95, 8.08 
Knee internal 
rotation 
INT 2.49  9.20 3.96 2.51 -1.27, 9.18 -0.22 0.711 -0.28 0.294 -0.24 0.214 0.79 0.385 0.04 
CON 0.80  4.77 0.72 2.07 -3.57, 5.02 
FPPA INT -3.52  3.93 -4.77 1.55 -8.00, -1.54 -0.05 0.898 0.15 0.353 -0.09 0.445 0.92 0.376 0.04 
CON -3.04  4.76 -2.73 1.28 -5.38, -0.07 
Jump-
landing 
Peak 
Knee flexion  INT -2.23  12.48 -1.24 3.88 -9.32, 6.83 0.59 0.517 0.04 0.913 -0.07 0.798 0.36 0.553 0.02 
CON 1.69  10.58 2.16 3.19 -4.48, 8.80 
Knee varus* INT -1.47  5.75 7.04 1.61 3.69, 10.40 -0.54 0.158 0.09 0.599 0.18 0.149 7.13 0.014 0.25 
CON -6.40  6.35# 0.70 1.61 -1.97, 3.55 
Knee valgus* INT 4.65  6.38# 4.86 1.50 1.74, 7.99 -0.45 0.208 -0.16 0.238 -0.03 0.819 6.51 0.019 0.24 
CON 2.22  4.23 -0.70 1.24 -3.27, 1.87 
Knee internal 
rotation 
INT 2.66  3.70# 2.08 2.18 -2.45, 6.61 0.17 0.737 -0.15 0.526 -0.06 0.732 0.192 0.666 0.009 
CON -0.37  4.25 0.70 1.79 -3.03, 4.42 
Knee external 
rotation 
INT 0.52  6.31 5.15 3.46 -2.05, 12.35 -0.18 0.826 -0.42 0.253 0.05 0.847 0.96 0.338 0.04 
CON 0.39  5.59 0.23 2.85 -5.69, 6.15 
FPPA-max* INT 1.58  8.47 -7.82 1.53 -11.02, -4.63 0.68 0.074 0.16 0.367 -0.20 0.099 7.82 0.011 0.28 
CON -1.33  7.50 -1.52 1.32 -4.26, 1.23 
FPPA-min INT -4.29  4.05# -5.75 2.48 -10.90, -0.60 0.31 0.594 -0.02 0.955 -0.03 0.883 0.87 0.361 0.04 
CON -1.62  6.49 -2.39 2.04 -6.63, 1.85 
Jump-
landing 
DSP 
Knee flexion  INT -0.62  12.13 1.87 3.77 -5.96, 9.70 0.23 0.794 -0.07 0.854 -0.13 0.657 0.17 0.681 0.008 
CON 3.88  11.14 4.15 3.10 -2.29, 10.59 
Knee varus INT 1.51  4.90 1.31 1.18 -1.14, 3.76 -0.14 0.603 0.23 0.071 0.02 0.858 0.37 0.551 0.02 
CON 0.53  3.74 0.28 0.97 -1.73, 2.29 
Knee valgus INT -0.41  2.35 -0.94 1.26 -3.57, 1.68 -0.01 0.965 -0.005 0.967 -0.181 0.064 0.09 0.771 0.004 
CON -2.05  4.37 -1.48 1.04 -3.64, 0.67 
Knee internal 
rotation 
INT -1.27  4.13 -1.88 1.26 -4.49, 0.74 0.39 0.195 0.14 0.313 0.18 0.064 1.03 0.322 0.05 
CON -0.41  2.91 -0.03 1.24 -2.18, 2.13 
Knee external 
rotation 
INT 1.09  5.69 1.25 1.84 -2.58, 5.09 0.01 0.978 -0.15 0.446 0.28 0.051 0.33 0.572 0.02 
CON 0.52  5.54 -0.28 1.52 -3.44, 2.87 
FPPA-max* INT -0.72  3.86 -2.21 1.07 -4.44, 0.02 0.47 0.075 0.22 0.069 0.06 0.530 7.21 0.014 0.247 
CON 1.23 3.89 1.97 0.94 0.02, 3.92 
FPPA-min INT 0.63  6.70 -1.17 1.89 -5.09, 2.74 0.46 0.318 -0.05 0.804 0.32 0.316 0.50 0.487 0.02 
CON 0.48  6.28 0.76 1.89 -2.67, 4.19 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared, FPPA=frontal plane projection angle. * indicates significant difference. 
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Table 6. Ankle dorsiflexion kinematics – Double-leg squat and Jump-landing 
Task Variables Group Unadjusted Adjusted  Covariates F p-
value 

   Mean SD Mean SE 95%CI Forefoot varus External tibial 
torsion 
Femoral 
antetorsion 
  
         p-value  p-value  p-value   
Double-
leg 
squat 
 
Start  INT 0.19  2.73 1.03 1.11 -1.27, 3.35 0.29 0.255 -0.21 0.099 0.06 0.530 1.13 0.301 0.05 
CON -0.73  2.76 -0.57 0.94 -2.52, 1.39 
Peak INT 0.99  4.09 -0.58 1.69 -4.10, 2.93 0.29 0.461 -0.31 0.104 0.06 0.700 0.13 0.726 0.01 
CON -0.54  2.50 -1.42 1.50 -4.53, 1.69 
Displacement INT -1.68  7.31 -1.73 1.95 -5.76, 2.30 -0.02 0.973 -0.10 0.641 -0.02 0.926 0.10 0.760 0.004 
CON -1.04  3.80 -0.89 1.72 -4.46, 2.68 
Jump-
landing 
Start  INT 4.87  13.23 6.12 4.36 -2.97, 15.22 0.50 0.632 -0.11 0.811 0.07 0.833 0.82 0.377 0.04 
CON -0.20  7.87 0.32 3.75 -7.50, 8.14 
Peak INT 6.79  14.13 13.17 5.21 2.34, 24.00 -0.56 0.646 -0.07 0.894 0.43 0.270 1.32 0.264 0.06 
CON 8.37  11.70 4.50 4.28 -4.41, 13.40 
Displacement INT 1.66  17.73 7.76 5.66 -4.04, 19.56 -0.67 0.618 -0.12 0.844 0.31 0.471 0.02 0.890 0.001 
CON 8.67  12.85 6.69 4.86 -3.55, 16.74 
SD=standard deviations, SE=standard errors,  regression coefficients, eta squared. 
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Table 7. Hip kinematics – Double-Leg Squat Unadjusted values 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Double-leg squat Hip extension INT -1.61 ± 8.36 -6.44, 3.21 -0.31 ± 7.68 -4.74, 4.13 1.31 ± 9.28 -4.06, 6.67 0.04 0.98 
Start  CON .80 ± 5.64 -2.32,  3.93 1.77 ± 5.81 -1.45, 4.98 0.97 ± 9.22 -4.14, 6.07   
 Hip adduction INT -2.46 ± 2.98 -4.18, -0.74 -2.32 ± 2.16 -3.56, -1.07 0.21 ± 3.73 -1.85, 2.28 0.04 0.94 
  CON -3.45 ± 2.48 -4.86, -2.08 -3.42 ± 2.42 -4.76, -2.08 -0.61 ± 3.66 -2.82, 1.60   
 Hip internal rotation INT -3.19 ± 2.79 -4.80, -1.58 -1.90 ± 3.87 -4.13, 0.34 1.94 ± 4.40 -0.49, 4.38 0.13 0.92 
  CON -1.72 ± 3.33 -3.57, 0.12 -0.96 ± 3.11 -2.68, 0.76 -0.59 ± 3.57 -2.75, 1.57   
Double-leg squat Hip flexion INT -77.98 ± 13.33 -85.67, -70.28 -76.93 ± 10.49 -82.74, -71.12 -4.15 ± 23.68 -17.26, 8.96 -0.65 0.10 
Peak  CON -71.76 ± 18.53 -82.03, -61.50 -64.65 ± 17.23 -74.19, -55.11 7.11 ± 10.78 1.14, 13.08   
 Hip adduction INT -0.29 ± 4.98 -3.16, 2.59 -1.25 ± 2.40 -2.58, 0.08 -0.98 ± 4.90 -3.70, 1.73 -0.24 0.52 
  CON -0.36 ± 4.09 -2.62, 1.90 -0.38 ± 3.38 -2.25, 1.49 -0.02 ± 3.04 -1.70, 1.66   
 Hip abduction INT -6.77 ± 4.16 -9.17, -4.37 -7.67 ± 5.15 -10.52, -4.82 -1.35 ± 4.34 -3.76, 1.05 -0.25 0.17 
  CON -5.93 ± 3.04 -7.61, -4.25 -5.29 ± 2.20 -6.51, -4.07 0.64 ± 3.24 -1.16, 2.43   
 Hip internal rotation INT 10.00± 6.56 6.21, 13.79 12.81 ± 7.12 8.87, 16.75 3.48 ± 7.04 -0.42, 7.37 0.55 0.15 
  CON 12.58 ± 9.49 7.33, 17.83 12.12 ± 8.66 7.33, 16.92 -0.46 ± 7.36 -4.54, 3.62   
 Hip external rotation INT -4.74 ± 3.27 -6.63, -2.85 -3.63 ± 3.94 -5.81, -1.45 0.79 ± 4.68 -1.80, 3.39 -0.11 0.78 
  CON -2.95 ± 3.99 -5.16, -0.74 -1.74 ± 3.95 -3.92, 0.45 1.21 ± 3.25 -0.59, 3.01   
Double-leg squat Hip flexion INT -76.36 ± 11.04 -82.74, -69.74 -76.68 ± 11.09 -83.08, -70.28 -5.01 ± 19.37 -15.74, 5.72 -0.71 0.62 
Displacement  CON -72.57 ± 20.10 -83.70, -61.44 -66.42 ± 17.85 -76.31, -56.53 6.15 ± 10.74 0.20, 12.09   
 Hip adduction INT 2.17 ± 3.33 0.25, 4.10 1.14 ± 1.57 0.23, 2.05 -0.95 ± 3.40 -2.83, 0.93 -0.33 0.232 
  CON 3.09 ± 3.29 1.27, 4.92 3.04 ± 2.67 1.56, 4.52 -0.05 ± 1.75 -1.03, 0.92   
 Hip abduction INT -4.31 ± 3.51 -6.34, -2.28 -5.55 ± 4.42 -8.10, -3.00 -1.32 ± 2.99 -2.98, 0.33 -0.73 0.634 
  CON -2.48 ± 2.17 -3.68, -1.27 -1.87 ± 1.49 -2.70, -1.05 0.60 ± 2.25 -0.64, 1.85   
 Hip internal rotation INT 13.19 ± 5.96 9.75, 16.63 14.85 ± 8.94 9.69, 20.01 2.55 ± 7.79 -1.76, 6.87 0.47 0.364 
  CON 14.30 ± 9.05 9.29, 19.31 13.08 ± 7.42 8.97, 17.19 -1.22 ± 8.13 -5.72, 3.28   
 Hip external rotation INT -1.55 ± 1.41 -2.36, -0.73 -1.66 ± 1.93 -2.78, -0.55 -0.13 ± 1.88 -1.17, 0.91 -0.36 0.259 
  CON -1.22 ± 1.36 -1.97, -0.47 -0.78 ± 1.41 -1.56, 0.00 0.44 ± 1.17 -0.21, 1.10   
SD=standard deviations, CI=confidence interval. 
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Table 8. Knee kinematics – Double-Leg Squat Unadjusted values 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P 
value 
Double-leg squat Knee flexion INT 14.45 ± 3.05 12.69, 16.21 14.64 ± 2.00 13.48, 15.79 0.19 ± 2.73 -1.39, 1.76 -0.22 0.91 
Start  CON 12.57 ± 6.98 8.71, 16.43 13.79 ± 4.18 11.48, 16.11 1.22 ± 6.61 -2.44, 4.89   
 Knee valgus INT 10.73 ± 3.52 8.69, 12.76 11.24 ± 4.67 8.54, 11.94 0.51 ± 3.94 -1.76, 2.79 -0.03 0.82 
  CON 9.43 ± 3.40 7.54, 11.31 10.06 ± 2.48 8.68, 11.43 0.63 ± 3.35 -1.23, 2.48   
 Knee internal rotation INT 0.81 ± 10.03 -4.99, 6.60 -2.23 ± 9.15 -7.51, 3.06 -3.03 ± 8.26 -7.80, 1.74 -0.20 0.63 
  CON 0.35 ± 14.28 -7.36, 8.26 -0.74 ± 9.77 -6.15, 4.67 -1.09 ± 10.60 -6.96, 4.77   
 Frontal plane  INT 5.00 ± 4.32 2.54, 7.49 4.05 ± 3.23 2.18, 5.91 -0.69 ± 2.03 -1.82, 0.43 -0.37 0.32 
 projection angle CON 4.29 ± 3.99 1.98, 6.60 4.37 ± 3.52 2.33, 6.40 0.25 ± 3.00 -1.41, 1.92   
Double-leg squat Knee flexion INT 76.18 ± 13.19 68.57, 83.80 76.23 ± 12.22 69.47, 83.00 5.13 ± 22.11 -7.11, 17.38 0.41 0.32 
Peak  CON 78.25 ± 12.58 71.28, 85.21 77.31 ± 11.27 71.07, 83.55 -0.94 ± 7.54 -5.11, 3.24   
 Knee varus INT 10.08 ± 7.99 5.46, 14.69 12.21 ± 6.82 8.43, 15.98 2.80 ± 7.47 -1.33, 6.49 0.22 0.55 
  CON 8.82 ± 9.39 3.62, 14.02 7.34 ± 9.85 1.88, 12.79 -1.48 ± 8.24 -6.04, 3.08   
 Knee valgus INT -4.25 ± 2.89 -5.91, -2.58 -4.09 ± 1.79 -5.08, -3.10 -0.13 ± 1.90 -1.18, 0.93 0.54 0.15 
  CON -4.25 ± 3.11 -5.97, -2.53 -4.33 ± 2.66 -5.81, -2.86 -0.09 ± 2.16 -1.28, 1.11   
 Knee internal rotation INT -3.91 ± 3.12 -5.71, -2.11 -2.41 ± 6.31 -5.90, 1.09 1.24 ± 5.30 -1.69, 4.18 -0.02 0.96 
  CON -2.52 ± 5.51 -5.57, 0.54 -2.96 ± 3.34 -4.81, -1.10 -0.44 ± 5.36 -3.41, 2.53   
 Knee external rotation INT -21.45 ± 7.16 -25.58, -17.32 -18.56 ± 8.30 -23.24, -14.05 1.37 ± 8.77 -3.48, 6.23 0.32 0.40 
  CON -20.16 ± 8.40 -24.81, -15.50 -19.25 ± 6.24 -22.70, -15.79 0.91 ± 7.93 -3.48, 5.30   
 Frontal plane INT 6.81 ± 4.83 4.02, 9.60 4.79 ± 3.01 3.05, 6.52 -1.69 ± 3.82 -3.80, 0.43 0.06 0.88 
 projection angle-max  CON 7.61 ± 3.65 5.50, 9.72 6.82 ± 3.66 4.71, 8.94 -0.54 ± 4.89 -3.25, 2.16   
 Frontal plane INT -2.24 ± 4.80 -5.02, 0.53 -4.23 ± 5.83 -7.61, -0.85 -2.12 ± 5.15 -4.97, 0.73 -0.27 0.48 
 projection angle-max  CON -1.40 ± 2.89 -3.07, 0.27 -0.28 ± 4.57 -2.92, 2.36 -1.40 ± 2.89 -3.07, 0.27   
Double-leg squat Knee flexion INT 61.73 ± 13.84 53.74, 69.72 61.35 ± 13.06 53.81, 68.89 4.14 ± 20.00 -6.94, 15.21 0.40 0.286 
Displacement  CON 65.68 ± 15.07 57.33, 74.02 63.52 ± 13.30 56.15, 70.88 -2.16 ± 10.15 -7.78, 3.46   
 Knee varus INT -15.18 ± 3.80 -17.38, -12.99 -13.81 ± 6.21 -13.39, -10.22 1.85 ± 7.37 -2.23, 5.93 0.54 0.151 
  CON -14.54 ± 8.39 -19.18, -9.89 -15.00 ± 8.79 -19.87, -10.13 -2.11 ± 7.32 -6.16, 1.94   
 Knee valgus INT -0.65 ± 9.35 -6.05, 4.75 1.24 ± 7.50 -3.09, 5.57 -1.08 ± 4.82 -3.75, 1.59 -0.09 0.808 
  CON -0.61 ± 9.13 -8.14, 2.70 -2.72 ± 9.78 -8.14, 2.70 -0.71 ± 3.23 -3.75, 1.59   
 Knee internal rotation INT -14.97 ± 4.71 -17.69, -12.25 -15.32 ± 5.60 -18.55, -12.09 4.00 ± 10.58 -1.85, 9.86 0.30 0.417 
  CON -13.68 ± 4.03 -15.91, -11.45 -14.39 ± 3.54 -16.35, -12.43 0.66 ± 11.64 -5.79, 7.10   
 Knee external rotation INT -4.71 ± 11.13 -11.14, 1.71 -0.25 ± 12.51 -7.48, 6.98 4.13 ± 11.92 -2.47, 10.73 0.18 0.631 
  CON -2.87 ± 16.32 -11.91, 6.17 -2.21 ± 10.53 -8.05, 3.62 2.01 ± 12.09 -4.69, 8.70   
 Frontal plane INT -22.25 ± 13.02 -29.77, -14.74 -16.49 ± 14.43 -24.82, -8.15 -1.07 ± 2.97 -2.78, 0.65 -0.06 0.88 
 projection angle-max  CON -20.51 ± 17.12 -29.99, -11.03 -18.51 ± 11.33 -24.78, -12.23 -0.86 ± 3.96 -3.15, 1.42   
 Frontal plane INT 1.81 ± 3.29 -0.09, 3.70 0.74 ± 0.75 0.31, 1.17 -0.32 ± 5.73 -6.55, 0.07 -0.14 0.06 
  CON 3.32 ± 4.46 0.74, 5.90 2.46 ± 2.07 1.26, 3.65 0.35 ± 3.72 -1.80, 2.49   
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Table11. Hip Kinematics– Jump-Landing Unadjusted values 
 
 
Variables Group Baseline 
Mean±SD 
95% CI Post-TR 
Mean±SD 
95% CI Change scores 
Mean±SD 
95% CI Effect Size p-value 
Jump-landing Hip extension INT -30.22 ± 7.88 -34.77, -25.68 -28.10 ± 8.19 -32.64, -23.57 -1.96 ± 5.96 -1.34, 5.26 0.23 0.05 
Initial contact  CON -26.80 ± 5.47 -29.83, -23.78 -30.23 ± 7.24 -34.41, -26.05 -3.67 ± 8.56 -8.61, 1.27   
 Hip adduction INT -5.09 ± 3.54 -7.13, -3.04 -4.93 ± 3.50 -6.86, -2.99 -0.12 ± 3.44 -1.78, 2.03 -0.07 0.92 
  CON -5.21 ± 3.18 -6.97, -3.45 -5.13 ± 4.36 -7.65, -2.61 0.16 ± 4.51 -2.45, 2.76   
 Hip internal rotation INT -1.88 ± 5.82 -5.24, 1.48 -0.21 ± 5.05 -2.59, 3.00 1.23 ± 5.82 -1.99, 4.45 0.39 0.24 
  CON 2.53 ± 5.29 -0.40, 5.46 1.30 ± 6.82 -2.64, 5.23 -0.86 ± 4.80 -3.63, 1.92   
Jump-landing Hip flexion INT -57.00 ± 12.01 -63.93, 50.06 -52.82 ± 7.82 -57.15, -48.49 3.88 ± 9.74 -1.74, 9.51 0.50 0.34 
Peak  CON -48.48 ± 12.14 -55.20, -41.76 -48.86 ± 10.86 -55.12, -42.59 -1.45 ± 11.46 -8.07, 5.17   
 Hip adduction INT 0.01 ± 4.46 -2.57, 2.59 -0.73 ± 3.26 -2.54, 1.07 -0.76 ± 4.35 -3.27, 1.75 0.04 0.85 
  CON 1.40 ± 4.07 -0.86, 3.65 0.42 ± 5.83 -2.95, 3.19 -0.95 ± 4.45 -3.52, 1.62   
 Hip abduction INT 5.97 ± 3.67 -8.09, -3.85 -6.73 ± 2.91 -2.54, 1.07 -0.74 ± 4.33 -3.24, 1.76 -0.06 0.89 
  CON -6.01 ±2.60 -7.47, -4.59 -6.59 ± 4.35 -9.10, -4.08 -0.47 ±4.81 -3.24, 2.30   
 Hip internal rotation INT 9.41 ±5.57 6.19, 12.62 9.97 ± 5.91 6.70, 13.24 0.43 ± 4.46 -2.15, 3.00 0.08 0.97 
  CON -6.01 ± 2.60 -7.47, -4.59 -6.59 ± 4.35 -9.10, -4.08 0.05 ±4.56 -2.58, 2.68   
 Hip external rotation INT -7.38 ± 5.77 -10.72, -4.05 -6.56 ± 4.26 -8.92. -4.20 0.88 ± 6.18 -2.69, 4.45 0.20 0.65 
  CON -4.54 ± 7.26 -8.56, -0.52 -5.25 ± 7.35 4.61, 12.85 -0.38 ± 6.39 -4.07, 3.31   
Jump-landing Hip flexion INT -25.76 ± 11.78 -32.28, -19.23 -24.72 ± 10.50 -30.56, -18.90 1.04 ± 10.96 -5.03, 7.11 -0.11 0.64 
Displacement  CON -20.84 ± 11.79 -27.65, -14.04 -18.63 ± 8.56 -23.57, -13.69 2.22 ±10.43 -3.81, 10.43   
 Hip adduction INT -1.31 ± 3.39 -3.19, 0.57 -1.80 ± 2.92 -3.42, -0.18 -0.98 ± 1.69 -1.92, -0.05 0.06 0.77 
  CON -0.84 ± 1.89 -1.93, 0.25 -1.46 ± 3.02 -3.21, 0.28 -1.11 ± 2.31 -2.44, 0.23   
 Hip abduction INT 5.18 ± 2.46 3.82, 6.54 4.20 ± 2.02 3.08, 5.32 -0.49 ± 3.66 -2.52, 1.54 0.04 0.77 
  CON 6.65 ± 2.91 4.97, 8.33 5.55 ± 2.68 3.40, 7.10 -0.63 ± 3.37 -2.57, 1.32   
 Hip internal rotation INT 11.81 ± 6.11 8.42, 15.19 9.46 ± 6.36 6.23, 13.28 -2.05 ± 6.23# -2.05, -5.50 -0.47 0.25 
  CON 6.52 ± 5.14 3.56, 9.49 7.43 ± 6.59 3.63, 11.24 0.91 ± 6.28 -2.72, 4.53   
 Hip external rotation INT -5.77 ± 4.09 -8.04, -3.51 -6.77 ± 4.16 -9.07, -4.46 -1.00 ± 3.46 -2.91, 0.92 -0.39 0.259 
  CON -7.02 ± 5.49 -10.19, -3.85 -6.54 ± 7.30 -10.76, -2.33 0.48 ± 4.02 -1.84, 2.80   
SD=standard deviations, CI=confidence interval. 
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Table12. Knee Kinematics– Jump-Landing Unadjusted values 
 Variables Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI 
Effect 
Size 
P 
value 
Jump-landing Knee flexion INT 26.21 ±  5.50 23.03, 29.39 22.63 ± 4.81 19.80, 25.46 -1.50 ± 5.59 -4.59, 1.60 0.27 0.70 
Initial contact  CON 25.65 ± 6.32 22.15, 29.16 24.94 ± 4.90 22.27, 27.60 -2.19 ± 4.85 -5.00, 0.61   
 Knee valgus INT -3.98 ± 3.84 -6.20, -1.75 -0.81 ± 3.15 -2.55, 0.93 2.96 ± 3.81 0.84, 5.07 0.38 0.57 
  CON -3.04 ± 4.00 -5.25, -0.83 -1.08 ± 3.93 -3.35, 1.19 1.69 ± 2.88 0.02, 1.60   
 Knee internal rotation INT -18.60 ± 7.43 -22.90, -14.32 -17.02 ± 5.26 -19.93, -14.10 2.49 ± 9.20 -2.61, 7.58 0.23 0.53 
  CON -18.04 ± 5.70 -22.20, -4.88 -17.07 ± 4.33 -19.58, -14.57 0.80 ± 4.77 -1.95, 3.55   
 Frontal plane  INT 3.12 ± 4.36 0.71, 5.54 -0.40 ± 4.13 -2.68, 1.89 -3.52 ± 3.93 -5.70, -1.34 0.29 0.77 
 Projection angle CON 5.11 ± 5.32 2.04, 8.18 1.43 ± 4.46 -1.13, 4.01 -3.04 ± 4.76 -5.68, -0.40   
Jump-landing Knee flexion INT 86.23 ± 13.83 78.25, 94.22 83.33 ± 9.95 77.82, 88.84 -2.23 ± 12.48 -9.44, 4.97 -0.34 0.46 
Peak  CON 77.17 ± 9.87 71.71, 82.64 77.71 ± 13.65 69.83, 85.59 1.69 ± 10.58 -4.42, 7.80   
 Knee extension INT 1.07 ± 5.43 -2.06, 4.21 -0.82 ± 5.06 -3.62, 1.99 -1.47 ± 5.75 -4.79, 1.85 0.81 0.12 
  CON 4.21 ± 8.60 -0.55, 9.00 -2.12 ± 4.33 -4.62, 0.39 -6.40 ± 6.35# -10.06, -2.74   
 Knee varus INT 3.29 ± 6.38 -0.40, 6.97 -7.92 ± 5.76 4.73, 11.12 4.65 ± 6.38# 0.97, 8.33 0.45 0.21 
  CON 0.62 ± 6.23 -2.83, 4.08 2.26 ± 6.98 -1.78, 6.29 2.22 ±4.23 -0.22, 4.66   
 Knee valgus INT -9.40 ± 4.43 -11.96, -6.84 -6.77 ± 2.34 -8.07, -5.47 2.66 ± 3.70# 0.52, 4.79 0.76 0.12 
  CON -8.81 ± 5.10 -11.63, -5.98 -8.97 ± 3.71 -11.121, -6.38 -0.37 ± 4.25 -2.82, 2.09   
 Knee internal rotation INT -12.76 ± 5.53 -15.96, -9.57 -11.76 ± 4.25 -14.212, -9.41 0.52 ± 6.31 -3.12, 4.16 0.02 0.73 
  CON -11.67 ± 4.64 -14.24, -9.10 -11.05 ± 4.35 -13.56, -8.54 0.39 ± -5.59 -2.84, 3.62   
 Knee external rotation INT -24.87 ± 8.86 -29.98, -19.83 -23.11 ± 6.07 -26.47, -19.74 1.58 ± 8.47 -3.31, 6.48 0.03 0.48 
  CON -23.50 ± 6.63 -27.17, -19.83 -22.17 ± 5.75 -25.48, -18.85 -1.33 ± 7.50 -3.00, 5.66   
 Frontal plane  INT 8.72 ± 4.78 6.07, 11.36 4.42 ± 4.54 1.91, 6.94 -4.29 ± 4.05# -6.54, -2.05 0.49 0.33 
 Projection angle-max CON 11.92 ± 6.61 8.10, 15.74 8.59 ± 5.78 5.25, 11.93 -1.62 ± 6.49 -6.53, 5.37   
Jump-landing Knee flexion INT 59.01 ± 14.31 51.09, 66.94 58.40 ± 9.90 52.91, 63.88 -0.62 ± 12.13 -7.33, 6.10 -0.39 0.33 
Displacement  CON 51.20 ± 9.47 45.73, 56.67 55.08 ± 14.19 46.89, 63.27 3.88 ± 11.14 -2.55, 10.31   
 Knee extension INT 7.27 ± 5.43 4.13, 10.40 8.74 ± 4.79 6.08, 11.39 1.51 ± 4.90 -1.20, 4.22 -0.47 0.45 
  CON 3.66 ± 5.26 0.75, 6.58 3.33 ± 3.40 1.37, 5.29 0.53 ± 3.74 -1.62, 2.69   
 Knee varus INT -5.42 ± 2.89 -7.09, -3.76 -5.96 ± 3.76 -8.04, -3.87 -0.41 ± 2.35 -1.71, 0.89 0.56 0.25 
  CON -5.77 ± 4.06 -8.01, -3.52 -7.89 ± 4.39 -7.89, -10.43 -2.05 ± 4.37 -4.58, 0.47   
 Knee valgus INT 5.85 ± 3.08 4.07, 7.62 5.25 ± 2.78 3.71, 6.79 -1.27 ± 4.13 -3.56, 1.02 -0.24 0.49 
  CON 6.37 ± 2.70 4.87, 7.86 6.02 ± 3.54 3.98, 8.07 -0.41 ± 2.91 -2.01, 1.27   
 Knee internal rotation INT -6.26 ± 4.33 -8.76, -3.76 -6.09 ± 4.59 -8.63, -3.55 1.09 ± 5.69 -2.06, 4.24 0.10 0.79 
  CON -5.46 ± 4.59 -8.00, -2.91 -5.09 ± 6.63 -8.92, -1.26 0.52 ± 5.54 -2.67, 3.72   
 Frontal plane  INT 5.54 ± 3.83 3.41, 7.65 4.82 ± 2.63 3.36, 6.28 -0.72 ± 3.86 -2.85, 1.42 -0.50 0.18 
 Projection angle-max CON 6.30 ± 3.49 4.28, 3.81 7.16 ± 3.87 4.92, 9.39 1.23 ± 3.89 -0.92, 3.38   
SD=standard deviations, CI=confidence interval. 
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Table 11. Ankle kinematics – Double-Leg Squat and Jump-landing Unadjusted values 
 Group 
Baseline 
Mean±SD 
95% CI 
Post-TR 
Mean±SD 
95% CI 
Change scores 
Mean±SD 
95% CI Effect Size 
P 
value 
Double-leg squat INT 14.45 ± 3.05 12.69, 16.21 14.64 ± 2.00 13.48, 15.79 0.19 ± 2.73 -1.39, 1.76 0.34 0.19 
Start CON 14.52 ± 3.86 12.39, 16.66 13.79 ± 4.18 11.48, 16.11 -0.73 ± 2.76 -2.26, 0.80   
Double-leg squat INT 14.47 ± 3.05 12.71, 16.24 14.50 ± 2.02 13.38, 15.62 0.99 ± 4.09 -1.28, 3.26 0.46 0.60 
Peak CON 14.36 ± 3.63 12.35, 16.37 13.82 ± 4.19 11.50, 16.14 -0.54 ± 2.50 -1.93, 0.84   
Double-leg squat INT -19.96 ± 6.88 -23.93, -15.99 -19.95 ± 6.17 -23.51, -16.38 -1.68 ± 7.31 -5.73, 2.37 -0.11 0.767 
Displacement CON -23.44 ± 8.77 -28.29, -18.58 -24.48 ± 9.69 -29.84, -19.12 -1.04 ± 3.80 -3.15, 1.06   
Jump-Landing INT 34.95 ± 8.86 29.83, 40.06 37.48 ± 7.80 33.16, 41.80 4.87 ± 13.23 -2.45, 12.18 0.47 0.22 
Initial contact CON 36.80 ± 8.78 31.93, 41.66 37.90 ± 10.43 31.87, 43.92 -0.20 ± 7.87 -4.75, 4.34   
Jump-landing INT 14.61 ±  14.68 6.25, 22.98 21.24 ± 9.89 15.76, 26.71 6.79 ± 14.13 -1.37, 14.95 -0.12 0.84 
Peak CON 14.05 ± 12.44 7.16, 20.94 22.09 ± 7.88 17.54, 26.64 8.37 ± 11.70 1.61, 15.12   
Jump-landing INT -10.03 ± 22.87 -23.24, 3.17 -7.70 ± 13.00 -14.90, -0.50 1.66 ± 17.73 -8.16, 11.48 -0.45 0.24 
Displacement CON -11.46 ± 21.15 -23.17, 0.25 -1.78 ± 6.79 -14.40, 10.85 8.67 ± 12.85 1.25, 16.09   
SD=standard deviations, CI=confidence interval. 
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Table 12. ICC and SEM for kinematics variables 
    DLS JL 
    ICC 3,k SEM ICC 3,k SEM 
Start/IC Hip flexion 0.934 1.85 0.206 5.67 
 
Hip adduction 0.541 1.84 0.485 2.30 
 
Hip internal rotation 0.491 2.15 0.820 2.54 
 
Knee flexion 0.514 3.93 0.798 1.94 
 
Knee valgus 0.544 2.42 0.714 1.91 
 
Knee internal rotation 0.779 5.95 0.741 3.50 
 
Ankle dorsiflexion 0.866 1.30 0.659 4.79 
  FPPA 0.807 1.86 0.668 2.50 
Peak Hip flexion 0.868 6.06 0.687 7.21 
 
Hip adduction 0.815 1.91 0.757 2.14 
 
Hip abduction 0.410 2.76 0.207 2.91 
 
Hip internal rotation 0.813 3.45 0.852 2.98 
 
Hip external rotation 0.788 1.61 0.760 3.37 
 
Knee flexion 0.895 4.16 0.753 6.37 
 
Knee valgus 0.782 4.00 0.873 2.09 
 
Knee varus 0.847 1.16 0.665 2.60 
 
Knee internal rotation 0.488 3.16 0.432 3.86 
 
Knee external rotation 0.611 4.98 0.469 6.77 
 
Ankle dorsiflexion 0.888 1.14 0.369 4.97 
 
FPPA-max 0.364 3.39 0.691 3.16 
  FPPA-min 0.440 3.02 0.653 2.75 
Displacement Hip flexion 0.893 5.48 0.648 7.25 
 
Hip adduction 0.912 1.00 0.759 1.33 
 
Hip abduction 0.429 2.30 0.166 2.44 
 
Hip internal rotation 0.692 4.27 0.624 3.68 
 
Hip external rotation 0.766 0.63 0.897 1.54 
 
Knee flexion 0.857 5.54 0.718 6.38 
 
Knee valgus 0.822 3.79 0.081 2.46 
 
Knee varus 0.782 2.05 0.747 1.79 
 
Knee internal rotation 0.792 6.50 0.432 2.43 
 
Knee external rotation 0.797 7.02 0.469 3.81 
 
Ankle dorsiflexion 0.955 1.70 0.478 1.55 
 
FPPA-max 0.460 3.11 0.656 2.21 
  FPPA-min 0.556 3.11 0.493 2.55 
DLS = double-leg squat, JL = Jump-landing, ICC = intrarater coefficient correlation, SEM = standard 
error of measurement, FPPA = frontal plane projection angle.  
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Figure 1. Medial Knee Displacement 
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Figure 2. Double-leg squat (descent phase) 
Start = Maximal knee extension  End  = Maximal knee flexion  
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Figure 3. Jump-landing 
 
 
 
 
 
 
 
 
 
 
50% of height 
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Figure 4. Change in hip abduction displacement (°) during the Double-Leg Squat task. (- 
greater adduction, + less adduction)  
 
*indicates significant difference. 
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Figure 5A. Change in knee varus at initial contact (°) during the Jump-Landing task. (- less 
varus, + greater varus) 
 
*indicates significant difference 
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Figure 5B. Change in peak knee valgus (°) during the Jump-Landing task. (-greater valgus, + 
less valgus) 
 
*indicates significant difference. 
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Figure 5C. Peak FPPA (°) during the Jump-Landing task. (- less FPPA, + greater FPPA). 
*indicates significant difference. 
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Appendix 1. Exercise Protocol 
1.  Foam roller exercises 
Exercise Sets and duration 
Calf (a) 1 x 2 min 
IT band (b) 1 x 2 min 
Hip adductors (c) 1 x 2 min 
Lateral hamstrings (d) 1 x 2 min 
 
 The participant will perform same foam roller exercise through the intervention 
period. 
 Move the area over the foam roller. Let form roller on the tight/painful areas for 30 
seconds. 
a. Calf            b. IT band 
 
 
 
 
 
 
 
c. Hip adductors         d. Lateral hamstrings 
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2. Static Stretching 
Exercise Sets and duration 
Calf (a) 2 x 30 sec 
IT band (b) 2 x 30 sec 
Hip adductors (c) 2 x 30 sec 
Lateral hamstrings (d)  2 x 30 sec 
 
Hold each area for 30 seconds. 
 
a. Calf        
  
 
 
 
 
 
 
 
 
b. IT band         
 
 
  
   
 
 310 
 
c. Hip adductors 
 
 
 
 
 
 
 
 
d. Lateral hamstrings 
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3. Isolated strengthening 
Session Exercise set&reps resistance 
week 1 Sitting Ankle plantar flexion & inversion (a) 1x15 Green 
  Prone Leg curl (medial hamstrings) with knee IR (b) 1x15 Green 
  Sidelying hip abduction (c) 1x15 Green 
  Prone hip extension with knee flexed (d) 1x15 Green 
        
Week 2 Sitting Ankle plantar flexion & inversion 2x10 Blue 
  Prone Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Sidelying hip abduction 2x10 Blue 
  Prone hip extension with knee flexed 2x10 Blue 
        
week 3 Heel raises with toes IR (e)  2x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x10 Blue 
  Standing hip abduction (f) 2x10 Green 
  Quadruped hip extension with knee flexed (g) 2x10 Gravity 
        
week4 Heel raises with toes IR 2x12 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x12 Blue 
  Standing hip abduction 2x12 Green 
  Quadruped hip extension with knee flexed 2x12 Gravity 
        
week 5 Heel raises with toes IR 2x15 BW 
  Standing Leg curl (medial hamstrings) with knee IR 2x15 Black 
  Standing hip abduction 2x15 Green 
  Quadruped hip extension with knee flexed 2x15 Gravity 
        
Week 6 Heel raises with toes IR 3x10 BW 
  Standing Leg curl (medial hamstrings) with knee IR 3x10 Silver 
  Standing hip abduction 3x10 Blue 
  Quadruped hip extension with knee flexed 2x15 Gravity 
IR = Internal rotation, T-band = thera-band, BW = body weight 
 Exercises will be progressed by increasing sets, repetition, and resistance. The 
resistance will be progressed by changing the color of the thera-band in order of 
yellow, red, green, blue, black, and silver.  
 The exercise will be progressed to the next level only when the participant is able to 
perform these exercises with proper form. The subject will perform same exercise 
until she will be able to perform exercises without difficulties. 
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   a. Standing ankle inversion and         b. Prone Leg curl (medial hamstrings) with 
       plantar flexion                          knee internal rotation 
 
 
 
 
 
 
 
   c. Side-lying hip abduction         d. Prone hip extension 
 
 
 
 
 
 
    f. Standing hip abduction 
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g. Quadruped hip extension 
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4. Functional exercise 
Session Exercise set & reps Intensity  
week 1 Double leg squat  2x10   
  Forward step-up 2x10 1 riser 
  Double leg hop to stabilization  2x10 
 
50% distance of 
height 
        
Week 
2 
Double-leg squat- uneven surface  2x10   
  Forward step-up  2x10 2 risers  
  Double leg jump up to stabilization  2x10 1 riser 
        
        
week 3 Single-leg squat  2x10   
  Lateral step-down  
2x10  
(Each side) 
1 riser 
  Double leg box jump to stabilization  2x10 1 riser 
        
        
week4 Single-leg squat (uneven surface)  2x10   
  Lateral step-down  
 
2x10  
(Each side) 
2 risers 
  Double leg box jump to stabilization 2x10 2 risers 
        
week 5 Star Excursion Balance Test  
2x10  
(Each side) 
  
  Lateral hop 2x10 Shoulder width 
  Broad jump to balance (double leg stance) 2x10   
        
Week 
6 
Star Excursion Balance Test (uneven 
surface) 
2x10  
(Each side) 
  
  Lateral hop 2x10 50% of height 
  Broad jump to balance (single leg stance) 2x10   
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a. Squat (progression will be made by changing surface and reps) 
 
 
 
 
 
 
 
 
 
 
b. Single-leg squat 
 
 
 
 
 
 
 
 
 
  
 
Squat tasks will be performed on the flat surface and be progressed by changing the 
surface to uneven surface (shown in above). 
 
 
 
 
 
 
 
 
  
Single-leg squat tasks will be performed on the flat surface and be progressed by 
changing the surface to uneven surface (shown in above). 
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c. Star Excursion Balance Test 
 
 
 
 
 
 
 
 
 
 
d. Double leg hop to stabilize, and double leg jump to stabilize. 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Star Excursion Balance test will be performed on the flat surface (Left) and be progressed 
by changing the surface to uneven surface (Right). 
 
 
 
 
 
 
 
 
Hop to stabilize will be progressed by increasing the jump distance from 50% to 100% of 
the participant’s height (Left). Further progression will be made by landing on a single leg 
from jumping off bilateral limbs (Right). 
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e. Forward step-up and lateral step down 
 
 
 
 
 
 
 
 
 
 
f. Double leg jump up and drop jump to stabilization 
 
 
 
 
 
 
 
 
 
 
 
  
  
Forward step-up (Left) and lateral step down (Right) will be progressed by increasing the 
height of the step. 
 
 
 
 
 
 
 
 
 
Double leg jump up will be performed by jumping on the box (not shown). Double leg drop 
jump will be performed by jumping off the box with bilateral feet shown in the above. The 
task will be progressed by increasing height of the box. Jump distance will be set at 50% of 
the participant’s height. 
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